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PREFACE TO THE SECOND EDITION 


The purpose, plan, and scope of this treatise are given in the accom- 
panying preface to the first edition. 

This second edition, which represents a significant expansion of the 
first, contains twenty-six chapters, of which the following eight are new: 
the reactions of aliphatic hydrocarbons; synthetic polymers; catalytic 
hydrogenation and hydrogenolysis; organic sulfur compounds; aliphatic 
fluorides; the chemistry of the porphyrins; chlorophyll; and the redis- 
tribution reaction. All the chapters carried over from the first edition 
have been revised. In some chapters the literature has been reviewed 
up to September, 1942. 

Corrections and suggestions will again be cordially welcomed. The 
editors are grateful to many friends for the examination of the manu- 
scripts. Particular thanks are due to Messrs. R. K. Abbott, R. W. 
Peeper, D. S. Melstrom, G. J. O’Donnell, S. M. Spatz, J. R. Thirtle, and 
P. A. Woods. 

H. G. 

Ames, Iowa 
October , 19^2 




PREFACE TO THE FIRST EDITION 

Organic chemistry is richly endowed with excellent textbooks. 
However, there is a need for a general treatise of organic chemistry suit- 
able for instruction at the graduate level. Such a book must focus 
attention upon new developments. At best, it can but serve the purpose 
of the moment and provide a point of departure for unceasing revision. 

The idea of a collaborative work by specialists in the several branches 
of the science was developed in 1934. Each author was asked to prepare 
a chapter dealing with a subject of particular interest to himself. It 
was hoped to obtain, in this way, an authoritative treatise which would 
cover most of the important phases of organic chemistry. The execu- 
tion of this plan has resulted in the present volumes. 

For the sake of convenience in revising and expanding the book, the 
rapidly developing fields of natural products, relationship between 
physical properties and chemical constitution, valence, and resonance 
have been grouped together in the second volume. It is planned to 
revise both volumes at intervals, not only in order to bring the present 
material up to date, but also to permit the inclusion of new chapters to 
fill the more conspicuous gaps. For example, chapters on polymeriza- 
tion and chlorophyll will be included in the next edition. Corrections 
and suggestions will be heartily welcomed. 

The contents have been integrated and the accessibility of the 
information increased by cross references, by individual tables of eon- 
tents for each chapter, and by a comprehensive subject index which is 
repeated in each of the two volumes. The inordinate wealth of the 
literature has made it necessary to restrict references, in general, to a 
relatively few selected original articles. Researches are cited, as a rule, 
by reference to the most recent publications; however, sufficient refer- 
ences to early work are given to provide an historical background. 
Occasional chapters, particularly those in the field of natural products, 
have abundant citations to original articles, and should be especially 
useful to research workers. In some chapters the literature has been 
reviewed up to September, 1937. There is, in addition, occasional 
mention of work hitherto unpublished. The section General References 
at the end of each chapter includes mention of some of the more impor- 
tant review articles and books as a guide to collateral reading. 
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The editors gratefully acknowledge the assistance of many friends in 
the examination of the manuscripts. Valuable aid was provided by the 
late Dr. W. H. Carothers, who served on the Editorial Board. Special 
thanks are due to Drs. G. E. Hilbert, J. F. Nelson, P. T. Parker, A. M. 
Patterson, G. F. Wright, and Messrs. J. C. Bailie, R. L. Bebb, L. C. 
Cheney, E. J. Crane, W. Harber, A. L. Jacoby, and J. Swislowsky. 

H. G. 

Ames, Iowa 
December, 1937 
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I. ISOMERIZATION OF ALIPHATIC HYDROCARBONS 

Aliphatic hydrocarbons arc available in vast volumes from petroleum 
and natural gas. Isomerization of these hydrocarbons, although very 
difficult to control, is a most important reaction. Normal alkanes iso- 
nierize, in general, to methyl alkanes; the simplest case is the formation 
of isobutane, a key hydrocarbon in aviation gasoline, from n-butane via 
the alkylation process. 

Isomerization of Alkanes. Normal alkanes isomerize to methyl- 
alkanes when treated with an aluminum halide. 1, 2 - 3 - 4> 5 ?t-Butane in the 
presence of aluminum chloride and hydrogen chloride, in 4 hours at 
175° and 35 atmospheres pressure, forms isobutane and lower alkanes. 3 
The equilibrium concentration of isobutane at 180° is 58 per cent. 4 
n-Butane and isobutanc are slowly isomerized catalytically at room 

1 Montgomery, McAteer, and Franke, J. Am. Chem. Soc., 69, 1768 (1937), 

* Montgomery, McAteer, and Franke, paper presented at Am. Chem. Soc. Meeting, 
Baltimore, April, 1939. 

J Ipatieff and Grease, Ind. Eng , Chem., 28, 401 (1936). 

* Moldawsky and Nisovkina, Compt. rend. acad. sci. U.R.S.S., 23, 919 (1939) ; J. 
Gen. Chem. ( U.S.S.R. ), 9, 1652 (1939). 

‘Glasebrook, Phillips, and Lovell, J. Am. Chem. Soc., 68, 1944 (1936), 
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temperature. Both isomers require over 2 months to attain the equilib- 
rium state in the presence of aluminum bromide at about 27° and 3 
atmospheres pressure. 1 The equilibrium composition corresponds to 
over 78 per cent of isobutane; lower alkanes are formed in small amounts 
only. 

Isopentane can be produced by isomerization of n-pentane in the 
presence of aluminum halides. It is a valuable volatile component of 
aviation fuels. The action of aluminum bromide upon n-pentane at 
room temperature yields 5 per cent of butanes (mostly isobutanc), 55.9 
per cent of isopentane, and 3.9 per cent of higher products. 5 The equilib- 
rium concentration of isopentane at 0° is 90 per cent. 2 At 80°, this 
value is decreased to 82 per cent. 6 Hydrogen was used to suppress side 
reactions catalyzed by the aluminum chloride in the last case. A simi- 
lar treatment of n-hexanc at 80° resulted in the formation of 48 per cent 
of methylpcntane, 12 per cent of dimethylbutane, and 7 per cent of 
side products. n-Hexane yielded 44 per cent of isohexanes at 120° for 
2 hours with aluminum chloride. 7 n-IIexane forms 2- and 3-methyl- 
pentanes. 8,9 ^-Heptane produces branched isomers, as shown in Table 
1. 10,11 These data indicate that decompositions and recombinations 
accompany isomerizations in the presence of aluminum halides. 


TABLE I 

Isomerization of w-Heptane by Aids at 96® 


Parts of Hydro- 
carbons Isolated 
Hydrocarbons per 100 Parts of 
Isolated n-Heptane Reacted 
Pentanes and lower alkanes 64 6 
n-Hexane 0.4 

2- Methylpentane 3.4 

3- McthyIpcntane 2 . 0 

n-Heptane 

2-Mcthylhexanc 1 . 2 


Parts of Hydro- 
carbons Isolated 
Hydrocarbons per 100 Parts of 
Isolated n-Heptane Reacted 


3-Methylhexane 

1.6 

2,4-Dimethylpent.ane 

1.5 

3,3-Dimethylpentane 

0.4 

2,2,3- Trimethylbutane 

0.5 

Polymers 

24.4 


The isomerization of only a few methylalkanes has been studied. 
2-Methylpentane was isomerized to 3-methylpentane and 2,3-dimethyI- 

5 Sehmit, Hoog, and Verbeus, Rec. trav. ckim., 59, 793 (1940). 

7 Bauer, ‘'Uber die katalytische Isomerisierung einiger Benzin-Kohlenwasserstoffe,” 
Zurich, Deutsche Druckerei, Prague (1940). 

8 McAteer, paper presented at Gibson Island Meeting of Am. Assoc. Adv. Science, 
June 17-21, 1940. 

9 Nenitzescu and Dragan, Ber., 66, 1892 (1933). 

10 Calingaert and Beatty, J. Am. Chcm. Sac., 68, 51 (1936). 

11 Calingaert and Flood, t&td., 67, 956 (1935). 
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butane or to a mixture of 2- and 3-methylpcntanes by treatments with 
aluminum bromide and 96 per cent sulfuric acid, respectively. 8 3-M ethyl- 
pentane gave considerable amounts of 2-methylpentane when sub- 
jected to either catalyst. The reported isomerizations of dimethyl- 
alkanes include intereonversions of the 2,2- and 2,3-dimethylbutane.s, 
with partial conversions to 2-methylpentane, upon contacting aluminum 
bromide at room temperature. 

Isomerization of Alkenes. Normal alkenes isomerize by shifts of 
the double bond or the migration of a methyl group. 1-Butene yields 
2-butene when treated thermally at 600-700°, or when treated catalyti- 
cally at much lower temperatures with nickel and hydrogen, aluminum 
phosphate, aluminum sulfate, aqueous solutions of zinc chloride, ben- 
zenesulfonic acid, perchloric acid, or concentrated phosphoric 
acid. 12, 13 ’ 14 ’ 15 2-Butene isomerizes to 1-butcnc at 650-700° without 
catalysts or at 100° over phosphoric acid. 12 - 14 The I- and 2-pentenes iso- 
merize thermally. 16, 17 1-Hexene yields 2- and 3-hexenes and polymers 
upon treatment at 400° with molybdenum trisulfide and hydrogen under 
pressure. 18 

Several methods of isomerizing n-alkenes into isoalkenes have been 
used. n-Butenes isomerized to isobutene at 300-600° over activated 
silica-alumina, alumina, aluminum sulfate, or phosphoric acid. 19, 20 At 
temperatures around 325°, 1-hexene yielded 2-me thy 1-2-pen tone and iso- 
hexenes when catalyzed by zinc chloride and phosphoric acid, respec- 
tively. 21, 22 The 1- and 2-octenes gave isooctones at 295-400° in experi- 
ments utilizing glass or quartz tubes, activated silica-alumina, phosphoric 
acid, or zinc chloride. 21, 23 ’ 24 ' 25 

Formation of isomers from methylalkenes, dimcthylalkcncs, and 
ethylalkenes has been studied to a greater extent than that of isomers 
from the corresponding alkanes. Among the mcthylalkenc examples, 

12 Hurd and Goldsby, ibid., 56, 1812 (1934). 

12 Twigg, Trans. Faraday Foe., 35, 934 (1939). 

14 Ipatieff, Pines, and Schaad, J. Am. ('hem. Soc., 56, 2699 (1934). 

u Gillet, Bull. soc. chim. Belg., 29, 192 (1920). 

“Hurd, Ind. Eng. Chem 26, SO (1934). 

17 Hurd, Goodyear, and Goldsby, J. Am. Chen}. Soc., 58, 235 (1936). 

“ Petrov, Mcschcrjakov, and Andrejev, Bct., 68, 1 (1935); J. (Jen. Chem. (U.S.S.R.), 
5, 972 (1935). 

19 Frost, Rudkovsky, and Serebriakova, Cam.pt. rend. aend. sci. U.R.S.S., 4, 373 (1936). 

20 Serebriakova and Frost, J. Gen. Chem. (U.S.S.R.), 7, 122 (1937) [C. A., 31, 4509 
(1937)]. 

21 Petrov and Cheltsova, Com.pl. rend. acad. sci. U.R.S.S., 15, 79 (1937). 

22 Petrov and Shchukin, J. Gen. Chem. (V.S.S.H.), 9, 500 (1939) [C.A 33, 9293 (1939)]. 

23 EglofT, Morrell, Thomas, and Bloch, J. Am. Chem. Soc., 61, 3571 (1939). 

24 Hugel and Szayna, Ann. combustibles liquides, 1, 781 (1926). 

“Nemtsov, Nizovkina, and Soskina, J. Gen. Chem. ( U.S.S.R. ), 8, 1314 (1938). 
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isobutene yielded n-butcnes at 294° over phosphoric acid on “silicate.” 19 
3-Methyl- 1-butene isomerized to 2-methyI-2-butcne at 425-535° in the 
presence of alumina, aluminum sulfate, or phosphoric acid on pumice, 
while sulfuric acid effected a similar isomerization. 26 - 27 Aluminosilicates 
are more active in the isomerization of alkencs than aluminum oxide. 28 

Isomerizations of the dimethylalkenes and ethylalkencs include an 
interconversion between 3,3-dimethyl-l-butene and a mixture of 2,3- 
dimethyl-1- and -2-butoncs at 300° over phosphorus pontoxide on 
silica gel; the conversion of 3, 3-dimethyl- 1-butene to this mixture at 
275° over aluminum sulfate; and the transformation of 3,7-dimethyl- 1- 
octene into 3,7-dimethyl-2-octene over palladinized asbestos. 29, 39 

Other examples of isomerization among the alkcnes include a partial 
conversion of fmri.s-2-butene to the czs-form over phosphoric acid, and 
interconversion of the isomeric 2-pcntcncs with the aid of ultra-violet 

light. 14, > 32 > 33 1 34 

Formation of isomers from (he alkenes must be accounted for by 
more than one mechanism since the isomerizations involve shifts of 
the double bond, methyl groups, or both. An acid-catalyzed double- 
bond shift is considered to consist of two steps: 14 “(1) formation of an 
addition product of the alkene with the catalyst, and (2) the decomposi- 
tion of the addition product from which the same olefin or one with a 
different structure is split off and the catalyst is regenerated.” 

The isomerization of 1-butene has been formulated as follows: 

H 2 C=CH— CH 2 — CH 3 -f HX CHs— CH— CH 2 — CH 3 


X 

It 

CHg— CH^CH— CH S + HX 

where “X” represents a group such as: 

[H 2 P0 4 ]- [CIO 4 ]" [Zn(CI)0]“ or [C 6 H 6 S0 3 ]- 

The removal of hydrogen from a more remote carbon atom is a supple- 
mental mechanism, involving a short-lived cyclane, capable of explain- 
ing methyl group shifts or formation of any stable cyclanes: 

26 Ipatieff, Bcr., 36, 2003 (1903) ; J. Russ . Phys. Chem. Soc., 35, 577 (1903). 

27 Norris and Reuter, Am. Chan. Soc., 49, 2024 (1927). 

29 Frost, J. Phyts. Chem. (U.8.S.R.). 14, 1313 (1940). 

29 Laughlin, Nash, and Whitmore, J. Am. Chan. Soc., 66, 1395 (1934), 

30 Cramer and Glasebrook, ibid., 61, 230 (1939). 

31 Sherrill, Baldwin, and Haas, ibid., 51, 3034 (1929). 

32 Sherrill, Otto, and Pickett, ibid., 61, 3023 (1929). 

33 Carr, ibid., 51, 3041 (1929). 

34 Kharasch, private communication to Sherrill, Otto, and Pickett, J . Am, Chem. Soc. t 
61, 3023 (1929). 
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HjC=CHCHi — CH s + HX 


It H \ / CH ‘ 

ch 3 chch 2 — ch 3 ^ C -h HX 

J, | h 2 c^^ch 2 

CH 3 CH=CHCH 3 + HX 


CH 2 — CH— CH 3 <=± 

I I 
X ch 3 

H 2 C=C— CHs + HX 


CH 3 


The conversion of a short-lived cyclane into its isomers may proceed 
also by an alternative thermal isomerization without HX. 

Cis-trans isomerization, shifts of double bonds, and shifts of methyl 
groups may also be explained by free radical mechanisms: 


H a C— C— H 

1 

H$C — C — H 

H 

I 

H 2 C=C— C— CH, : 

I I 

H H 

HjC=C — CHj— CHj 

A 


HaC-CII - 

I , 
HjC — CH - J 


H 3 C— C— H 
H— L- CH, 


l 


H,t— i— C— CH, + H 

I ! 

H H 


H,C— C=C— CH, 
I I 
H II 


fH,C=C— CH, + H + CH,1 ^ H 2 C-C-CH 


L 


l l 


1 


_ 


I 

CH, 


Isomerization of Alkadienes. The allenic alkadienes isomerize to 
conjugated alkadienes or alkyncs. Examples of the isomerization to 
conjugated alkadienes include treatment of 1,2-alkadienes with fioridin 
at about 300° and with quinoline hydrobromide. 35 ’ 36 ■ 37 4,4-Dimothyl- 
1, 2-pen tadienc formed successively 2,4-dimethyl- 1 ,3-pentadiene and 2,4- 
dimethyl-2,3-pentadiene over fioridin at 230-235°; the formation of 
these products involves an interesting methyl group migration. 38 1 In- 
stances wherein allenic alkadienes were converted into 1 -alkyncs arc 
treatment with fioridin at about 300° and Isomerisations effected by 
potassium ethoxide solution at lower temperatures. 35 - 39 - 40 1,2-Buta- 
diene was converted into 2-butyne by hot potassium ethoxide solution. 

The non-allenic alkadienes Isomerize by (a) the shifting of double 
bonds and ( b ) cyclization in the presence of acidic catalysts. The fol- 
lowing examples are known: 1,5-Hexadiene gave evidence of the for- 

33 Slobodin, J. Gen. Chem. (U.S.S.R.), 5, 48 (1935) [C. A., 29, 4732 (1935)]. 

36 Slobodin, ibid., 4, 778 (1934) [C. A 29, 2145 (1935)]. 

37 Kutscherov, J. Russ. Pkys. Chem. Soc., 45, 1(534 (1913); J. Chem. Soc., 104, 1294 
(1913). 

38 Slobodin, J. Gen. Chem. (U.S.S.R.), 7, 1664 (1937) [C. A., 31, 8501 (1937)]. 

39 Slobodin. ibid., 6, 1892 (1936) [C. A., 31, 4264 (1937)]. 

4(1 Faworsky, J . prakt. Chem., [2] 44, 208 (1891). 
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mation of 1,4- and 2,4-hoxadienc when heated at 500° without catalyst 
or when treated at 170 360° with palladinized asbestos-carbon, alumina, 
chromia, floridin, or potassium ethoxido solution. 16, 40 ’ 41 ’ 42 ( 43 1 441 45 ’ 46 
2,4-Hcxadicnc yielded 1,3- and 1,4-hexadienes at 360-480° over alu- 
mina. 47 2,5-Dimethyl- 1,5-hexadiene formed 2,5-dimethyl-2,4-hexadiene 
at 180-225° in the presence of potassium ethoxide solution, floridin, or 
alumina. 40 , 44 1 46 

2, 6-Dimethyl- 1,3-heptadiene was cyelized to 1, 5, 5-trimethy 1-2- 
cyclohexene when treated with sulfuric acid. 48 2, 6-Dime thy 1-2, 6-octa- 
diene isomerized to 1, 5, 5, 6-tetramethyl- 1-cyclohexene upon treatment 
with concentrated sulfuric acid, or with the same acid containing acetic 
acid. 49,50,51 

In explanation of the mechanism of alkadiene isomerization, Faw- 
orsky recognized that a hydrogen disproportionation occurs in the con- 
version of 3-methyl- 1,2-butadiene into a pentene and the sodium deriva- 
tive of 3-methyl butyne: 52 


3H 2 0=€=C-CH 3 + 2Na C 6 Hi 0 + 2NafeC— CH-CH 3 

i i 

CHj CH 3 

According to Jozitsch, a butene resulted similarly during the formation 
of the sodium derivative of 1-butyne from 1,2-butadieno. 41 The follow- 
ing equations illustrate the probable courses of two isomerizations 
effected by quinoline hydrobromide as catalyst: 37 


n 2 C=C=C— CII 3 + C 9 II 7 N-IIBr -4 

I 

ch 3 

-4 H 2 0= C— CH=CH 2 +C 9 H 7 N-HBr 

I 

ch 3 

41 Jozitsch, J. Russ. Fhy&. Chem. Soc., 29, 90 (1897) [C'Aewi, Zenlr., I, 1011 (1897)]. 

42 Hurd and Bollmann, J. Chem. Soc., 55. 699 (1933). 

41 Levina, J. Gen. Chan. (U.S.S.R.), 6, 1092 (1936) [C. A., 31, 1002 (1937)]. 

44 Levina, ibid., 7, 15S7 (1937) ]C. A., 31, 8516 (1937)]. 

4t Levina and Kiryushov, ibid., 9, 1834 (1939) [C. A., 34, 4051 (1940)]. 

46 Lebedev and Slobodin, ibid., 4, 23 (1934) [C. A., 28, 5399 (1934)]. 

47 Prevost, Compt. rend., 208, 1589 (1939). 

48 Tiemann and Sounder, Her., 26, 2708 (1893). 

49 Seminler, Iier., 27, 2520 (1894). 

M Dupont, Dulou, and Desreux, Bull soc. chim., [5] 6, 83 (1939), 

81 Semmler, Her., 34, 3122 (1901). 

M Faworsky, J. jrrakt. Chem., [2] 37, 417 (1888); J. Russ. Rhys. Chem. Soc., 19, 553 
(1887) ; Her., 21, Re/emtc, 177 (1888). ~ 


Br 

I 

h 2 o=cii— C— CII 3 
I 

ch 3 j 


+ c 9 h 7 n 
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H 2 C=C=C— CH 8 + C 9 H 7 N*HBr 

I 

ch 3 


Br 

I 

H 2 C=C — CH — CH 3 

I 

ch 3 


+ c 9 h 7 n 


-► HC=C— CH— CH 3 + C 9 II 7 N*HBr 

ch 3 


These resemble the conversion of a 1,5-alkadiene into a 2,4-alkadiene 
(RisHorCH 3 ): 40 

H 2 C=CR— CH 2 — CHr-CR=CH 2 + 2C 2 H 5 OH 
riI 3 C— CR— CHa— CHo— CR— CH 3 ' 

i i 

OCjH 5 OCjH 6 

HjC— CK=CH— CII=CR— CII 3 + 2C 2 II s OII 


Isomerization of alkadienes by eyclization in the presence of acidic 
catalysts may proceed as follows (R is H or CH3): 


H ch 3 CH* 

R— R— 

1 CH« 



Intermediary esters probably play a role in the postulated steps. 

Isomerization of Alkapolyenes. The alkapolyenes isomcrize by 
shifts of double bonds, conversion of two double bonds into a triple 
bond, and by eyclization or multicyelization. The following isomeriza- 
tions are typical. 4,8-Diniethyl-l,3,7-nonatricne cyclized into 1,5-di- 
methyl-5-allyl-l-cyclohexene in the presence of 80 per cent sulfuric acid. 53 
2,6-Dime thyl-2,o,8-undecatri(*ne formed l,5,5-trimethyl-C-(l-butenyl)-l- 
cyclohexene when heated with sulfuric acid containing acetic acid. 51 

Isomerization of Alkynes. A study of the data on isomerization of 
alkynes shows that a 1-alkyne will form a 1,2-alkadiene with the aid 
of potassium ethoxide solution, floridin, or heat alone; a 1,3-alkadiene 
in the presence of alumina or floridin; and a 2-alkyne by contact with 
potassium ethoxide solution, pumice, or soda-lime, or when heated 
alone. 35, 39 ’ 55 - 56 - 57 A 2-alkyne will form a 1-alkyne in the presence of 
sodium, sodamide, or floridin, but the last catalyst, also yields a 1,2- 
alkadione. Contact with sodamide transforms a 3-alkyne into a 1-alkyne. 

43 Griff nan], Ann. chi?n. phys., [7] 24 , 433 (1901). 

64 Kishner, J. Him. l J hy «. Ch mm. S»c., 43, 1398 (1911) [('hem Zcntr., I, 1G22 (1912)]. 

64 Faworsky, J. pra/rt. Chim., [2] 37, 382 0888). 

44 Faworsky, ./. Rush. Rh m . ('hem. Snc., 19, 1, 414 (1887) [Chem. Ze/itr., 1248 (1887)1- 

47 Slobodin, ./. Cm. Chem. ((’.X.K.H.), 7. 2370 (1937) [C. A .. 32, 2081 (1938)1. 
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Heat is always used in isomerization of the alkynes. In the absence 
of catalysts, high temperatures are required. 1-Hexyne and 1-hcptyne 
at 600° without catalysts were partly isomcrizcd to the 1,2-alkadienes 
and a trace of the corresponding 2-alkynes. 68 1-AIkynes or their corre- 
sponding sodium derivatives resulted when 2- and 3-heptynes, 2- and 
3-octynes, and 2-nonync were treated with sodamide at 160° or heated 
with sodium. 52 ’ 59 ' 60 ' 62 * 63 

Isomerization of Alkapolyynes. 1,4-Hexadiyne isomerized to 2,4- 
hexadiyne when treated with potassium ethoxide solution. 64 The con- 
version of 1,5-hexadiync into 2,4-hexadiyne is similar to that of 1,5- 
hexadienc into 2,4-hexadiene, wherein unsaturated bonds become con- 
jugated through the agency of hot potassium ethoxide solution. 40 
2,2,9,9-Tetramethyl-5,5,6,6-tctra-fe^.-butylethynyl-3,7-decadiyne gave 
2, 2,13, 13-tetramethyl-5,10-di-?z-l)utyl-7,8-di-/cri.-butyl-tetradeca-5, 6.8,9- 
tetraenc-3,ll-diyne when heated with alcohol or with xylene at 
120-140°: 65 - 66 


CII 3 

I 

II 3 C — C — CHj 

I 

c 

III 

ch 3 c cii 3 

I I I 

HsC-C-feC— C— C=C-C-CH 3 


ch 3 

ch 3 


I 

CH 3 

CH 3 


II3C — C — Cs=C — C — Gs=C — C— CH 3 

I I I 

ch 3 c ch 3 

III 

c 

I 

II 3 C— c-ch 3 

I 

ch 3 


8 Hurd and Christ, J. Am. Chan. Soc., 59, 2101 (1937). 

M Guest, ibid., 50, 1744 (1928). 
w Bourguel, Ann. chim., [lO] 3, 325 (1925). 

* l Beha], Bull sue. chim., |2] 50, 629 (1SSS). 

® 2 Desgrez, Ann. chim. phys., [7J3, 209 (1S94). 

C3 Krafft and Reuter, Bcr., 25, 2243 (1892), 

61 Lespieau, Ann. chim., [912, 280 (1914). 

Sparks, Peppel, and Marvel, J. Am. Chcm. Soc., 59, 1351 (1937). 
eG Salzberg and Marvel, ibid., 50, 1737 (1928). 
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CH 3 

I 

H3C — C — CII3 

1 

0 

1 

CH a C 

I I 

HjC— C— C=0=C— CHa— CHj— CHj— CH a 

I 

CHa 

CHa 

I 

H,C— C— C=C=C - CHa -CHa- CHj- CHa 

I I 

CHa C 

III 

C 

I 

HaC— C— CHa 

I 

CHj 

The union of two rearranged free radicals is apparently responsible for 
isomer formation from the alkynyl hexasubstituted ethanes. 


H. POLYMERIZATION OF UNSATURATED ALIPHATIC HYDROCARBONS 

Polymerization of unsaturated aliphatic hydrocarbons has been the 
subject of much research during the past few years (see Chapter 8). 
Present-day investigations of polymerization arc directed toward the 
mass production of polymers having predetermined molecular struc- 
tures. The lower-molecular-weight polymers are utilized as high-octane- 
rating gasoline or as chemical intermediates. High polymers exhibit 
the properties of plasticity, elasticity, and lubricity, and in many ways 
resemble rubber and drying oils, all of which properties are of great 
value to science and industry. 

“Polymerization has been defined as intermolecular combinations 
that are functionally capable of proceeding indefinitely (or leading to 
molecules of infinite size).” 67 ’ 68 Polymerization may be divided into 
two types, the combination of identical molecules and the union of 
unlike molecules. The first type has been referred to as true, straight, 
and chain polymerization; the second as inter-, co-, cross, and mixed 

67 Carothers, Ckem. Rev., 8, 3M (1931). 

(S Carothers, Trans, Faraday Hoc 32, 39 (1936). 
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ilymerization. The term conjunct polymerization is applied to the 
action in which the formation of the product is effected by another 
pe of reaction occurring either simultaneously with, preceding, or 
[lowing the polymerization. Other terms used for this phenomenon 
3 cyclo-, hydro-, and dehydropolymerization, which refer to polymeri- 
tion accompanied by cyclization, hydrogenation, and dehydrogena- 
>n, respectively. 

Generalizations on polymerization of hydrocarbons are given as 
lows: 69 ’ 70 

1. Hydrogen atoms on the unsaturated carbon-carbon linkage are 
cessary for polymerization. Some exceptions have been noted. For 
ample, the product of dimerization of propadiene was 1,2-dimcthyli- 
necyclobutane, which indicates that the reaction began on the un- 
drogenated atoms. 71 The mechanism proposed is as follows: “It is 
nsidered that polymerization of two olefins proceeds primarily by 
c addition of a hydrogen atom and an unsaturated alkyl radical to 
double bond. The double bond in the acceptor molecule is saturated 
• a hydrogen atom and an olefin radical supplied by the donor mole- 
le. The active hydrogen atom in the donor molecule is taken as 
e one attached to a terminal carbon having a double bond or to 
at double-bonded carbon atom to which the smaller alkyl group is 
tached.” 

2. Polymerization tendencies decrease (with a few exceptions) 72 as 
c molecular weight increases. When the double bond is in the termi- 
1 position of the molecule, its tendency toward polymerization is 
salest, but when the double bond is shifted toward the center, the 
olecule acts more like an alkane. 

Chain mechanisms propagated by free radicals or by activated inole- 
les have been suggested as probable explanations for polymerization, 
ee radical propagation is illustrated by the following equation: 


R — CH 2 — CH 2 — + CH2=CII 2 -> R — CII 2 — CH 2 — CH 2 — CH 2 — 

polymerization supposedly of this type was initiated by the use of 
sreury vapor and light. 73 The polymerization stopped when illumina- 
>n was removed. Chains of the free-radical type are broken by any 
Bans capable of terminating the free radical, particularly in this case 

,9 Wachter, Ind. Eng. Chan., 30, 822 (1938). 

M Burk, ibid., 30, 1054 (1938). 

11 Lebedev, J. Russ. Pkys. Chan . Soc., 45 , 1357 (1913) [C. A., 9 , 799 (1915)]. 

71 Ipatieff and Corson, Ind . Eng. Chan., 27, 1069 (1935). 

73 Melville, Trans. Inst. Rubber Ind., 15 , 209 (1939); flutter Chem. Tech., 13 , 557 
140). 
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by the interaction of two growing polymers. Parallel to this reaction, 
a “normal direct polymerization” propagated by activated molecules 
was carried out by illumination of the reactants. The activity con- 
tinued after illumination censed. Termination of this polymerization 
may be brought about by hydrogenation or addition of any substance 
capable of reaction with the double bond and by the reaction 


— CH=CH 2 + CH2=CH * — CII 2 — ch=cii— ch 2 — 


in which the double bond is removed from the terminal position. Chain 
propagation by activated molecules may be represented by the equa- 
tion 74 

CHf=CRiR 2 -> H 2 C=CRiR 2 

(Activated state) 

+ CHr=CRiR 2 
( — CH 2 CRiR * — ) n 

Polymer 


Polymerization of Alkenes. Alkencs undergo polymerization at 
moderately high temperatures, but decomposition and isomerization are 
competing reactions. 75 Thermal polymerization of ethene at 330° and 
G4 atmospheres resulted in the formation of. polymeric alkanes, alkenes, 
and cyclic products. 76 In the polymerization of ethene, addition of 0.02 
per cent oxygen was found to double the yield over that obtained in 
the absence of oxygen. 77 Elevated temperatures were undesirable in 
the polymerization of ethene since decomposition began around 525° 
and at 570° the pyrolysis products, hydrogen, methane, and ethane, 
were found. 73 

In the presence of catalysts, alkenes polymerize without undesirable 
side reactions. Proper choice of catalyst and reaction conditions makes 
possible the formation of polymers with specific properties. For example, 
high-octane gasoline has been obtained from the simultaneous polymer- 
ization and hydrogenation of isobutene in the presence of phosphoric 
acid-nickel oxide-iron catalyst. 79 Alkene polymerizations have been 
carried out with catalysts such as alumina on silica, 80 boron trifluo- 

74 Chalmers, Can. J. Research, 7, 113 (1932). 

7s Egloff, “Reactions of Pure Hydrocarbons,” ReinhoUl Publishing Corp., New York 
(1937;, p. 243. 

75 Ipatieff and Pines, Jnd. Eng, Chem., 27, 1304 (1935), 

77 Store h, J. Am. ('hem. Soc., 56, 374 (1934). 

7 * Pease, ibid,, 52, 115* 0930). 

79 Ipatieff and Komarewsky, Ind. Eng. Che.m., 29, 95* (1937). 

br > Gayer, ibid., 25, 1122 0 933). 
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ride, 81, 82 chlorides of aluminum, 83 ’ 84 magnesium, 85 and zinc, 83 phosphorus 
pentoxide, 80 and phosphoric 87 ’ 88 and sulfuric acids. 85, 90 Polymeriza- 
tion of propene over alumina, alumina on silica, or floridin resulted in 
the formation of liquid alkencs of five to nine carbon atoms and some 
alkanes. 80 

Alkene polymerization using aluminum chloride may involve cycli- 
zation and hydrogen disproportionation. In the polymerization of 
ethene with aluminum chloride, hydrogenation, dehydrogenation, and 
cyclization occur to such an extent that the products consist of alkanes 
and cyclenes. 91 The presence of traces of water vapor or hydrogen 
chloride was necessary for polymerization of ethene with pure aluminum 
chloride as catalyst. The products from ethene with anhydrous alumi- 
num chloride at 180° were liquid hydrocarbons and an aluminum chlo- 
ride complex which indicates that the mechanism of polymerization is 
similar to that of the Friedel-Crafts reaction. 84 

Polymerization of propene and butenes in the presence of 100 per 
cent orthophosphorie acid has been shown to take place through inter- 
mediate ester formation with subsequent regeneration of the acid. 92 
The reaction may take place as indicated: 


OH 


CH*=CH— CH, + H 3 PO 4 


ch 3 

I / 

H— C— 0— P- OH 

I \ 0 
ch 3 u 


7\‘u : CII 3 

! / 0H 1 1 

/OH : 

: ()— P- OH i + II— O- 

O-P— OH : 

! % 0 ! I 

; y. 1 CHa 

I 


ch 3 


2H 3 P0 4 + HC-CHs— CH=CH 2 

I 

CIO 


81 Ruthruff, “Action of Boron Halides on Hydrocarbons,” paper presented at Am. 
('hem. Koc. Meeting, Boston, September, 1939. 

82 Otto, Brcnnxtoff-Chcm., 8, 321 (1927). 

88 Tpaticff and Rutala, Bcr., 46, 1748 (1913). 

84 Stanley, J. Soc. Cham. Ind., 49, 349T (1930). 

85 Burk, “Catalysis and Polymerization,” paper presented at Am. Chem. Soc. Meet- 
ing, Baltimore, 1939. 

86 Malishev, Od-KohLc Erdoel Tcer , 14, No. 23, 479 (1938). 

87 Ipatieff and Sehaad, Ind. Eng. Chem., 30, 596 (1938). 

88 Ipatieff and Corson, ibid., 27, 1069 (1935). 

83 Ormandy and (’raven, J. Inst. Petroleum Tech., 13, 844 (1927). 

90 Ormandy and Craven, J. Soc. Chem. Ind., 47, 317T (1928). 

91 Ipatieff and Grosi<e, J. Am. Chem. Soc., 58, 915 (1936). 

92 Ipatieff, Ind. Eng. Chem., 27, 1007 (1935). 
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From tlie evidence obtainable, it seems that asymmetrical substitu- 
tions favor dimerization and other polymerization reactions, although 
the supporting data are derived essentially from the aromatic rather 
than the aliphatic series. 93 The dimerizing agent is usually an acid such 
as phosphoric or sulfuric arid the reaction may momentarily involve the 
addition of a proton. 94 When the proton is added, changes take place 
which are characteristic of an atom deficient in electrons; polymerization 
is one of these. 

Alkene polymerizations carried out in the presence of sulfuric acid 
may form alkanes, alkenes, and cyclic hydrocarbons. 89, 99 In addition 
to dimeric polymers, higher polymers were produced from isobutene in 
contact with more concentrated acid. 95, 961 97 As with phosphoric acid, 
sulfuric acid-catalyzed polymerization of alkenes involves the formation 
and decomposition of intermediate esters. 98 

Polymers of cthene have been produced by the ozonizer, semi-corona, 
and the clectrodcless discharge." Reactions carried out in the ozonizer 
gave dimers and t rimers of propone, 2-butene, and isobutene. Dehydro- 
genation was the primary reaction with the subsequent formation of 
heavy liquid polymers. 

Polymerization of Alkadienes. Lebedev in discussing polymeriza- 
tion of allenes gave the following principles concerned with that re- 
action: 100 


1. Allenes "polymerize much more readily than the divinyls.” 

2. "In the polymerization of allenes the union of molecules takes 
place at the central carbon atoms, these being the least saturated. This 
gives rise to both cyclic and spiral arrangements." 

The more highly unsaturated carbon atoms are the first to react in 
the formation of cyclic products from allenic molecules; thus propadiene 
dimerizes to 1,2-dimethylidenccyclobutane: 71 


CHo 



h 2 c=c=ch 2 + H 2 C=C=CH 2 -> H 2 C c— ch 2 



91 Bergmann, Trans. Faraday Soc., 35 t 1025 (1939). 2 

** Whitmore, Ind. Eng. ('hem., 26, 0-1 (1934). 

56 Lebedev and Kobliansky, Her., 63B, 103 (1930). 

86 Mc( jihbin, J. Am. Chan. Soc., 53, 350 (1931). 

57 Ipatieff and Pines, J. Org. Chcm., 1, 404 (1930). 

ifl Ipatieff, “Catalytic Reactions at High Pressures and Temperatures,” Macmillan 
Co., New York (1936), p. 549. 

#s Thomas, Egloff, and Morrell, Chan. Rev., 28, 1 (1941). 

m Lebedev and Mereshkovskii, J. Russ. Fhys. Chan. Hue., 45. 1249 (1913) \C. A. t 8, 
32U (1914)]. 
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Thermal polymerization at 270° of the non-con jugated 1, 4-pen tadiene 
results in the formation of i-mcthyl-2-propenylcyclohcxene. 101 This 
product is probably formed as a result of isomerization preceding dimeri- 
zation, but the possibility of initial formation of the dimeric free radical, 
CHo=CH — CH 2 — CH — CH 2 — CH 2 — CII— CII 2 — CH=CH 2 , may not 

... i i 

be entirely eliminated. 102 

Alkadienes having substituents on the non-terminal carbons of the 
group C=C — C=C polymerize more readily than those in which the 
terminal carbons of the conjugated group are substituted. The rate of 
polymerization is also increased where ring formation occurs in the 
chain containing the conjugated system. At 750°, 2-methyl-l,3-penta- 
dicne formed a series of aromatics. 103 The conjugated alkadiene, 2,4- 
hexadicne, polymerized readily at temperatures between 100° and 
150°. 100 

Catalytic polymerization of alkadienes is brought about by various 
substances, especially the alkali and alkaline-earth metals. The organo- 
metallic derivatives of the alkali metals catalyze condensation of alka- 
dienes to unsaturated polymers, saturated polymers, and both alicyclic 
and aromatic compounds. Catalytic polymerization products of a 
cyclic nature have been obtained as the dimeric forms. In this case, the 
conjugated dienes exhibit a combination of 1,2- and 1, 4-addition which 
produces alkcnylcyclohexenes. 93 

Alkali and alkaline-earth metals have been used to catalyze alka- 
diene polymerizations. With metallic sodium, butadienes gave high 
aliphatic polymers. 104 A series of arrested dimerizations catalyzed by 
potassium in alcohol, however, produced cyclic dimers and indicated 
that the ring closures occurred in the following stages: 105 

H ? IIs i r cn F ch 3 h 

(II)C=C — C=CH 2 IK>C— C=CII 2 HC=C C-CH 2 

I 1 — *• j (Bf's' — | H 1 

I H2C = C-C=CH 2 ii 2 c-c— c=ch 2 h 2 c-c — och 2 

i * I II II 

CHs II CHs H CH 3 

I 

101 Farmer, Trans. Faraday Soc., 35, 1034 (1939). 

102 Ahmad and Farmer, J, Chcm. Soc., 1170 (1940). 

103 Staudinger, Endlc, and Herold, Ber., 46, 2466 (1913). 

104 1/vov, J. Gen. Chcm. (U.S.S.R.). 7, 928 (1937) [C. A., 31, 5318 (1937)]. 

101 Sparks, Rosen, and Frolieh, Trans. Faraday Soc., 35, 1040 (1939). 
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. H H CH 3 h CII 3 h CH 3 

(ii)c=c-c=ch 2 c=c-c=ch 2 c=c-c=ch 2 

! I ? * (H) \ — » I H H | 

j h 2 c=c-c=ch 3 II\ j H 2 C-C-C-CH 2 

ch 3 h 2 c-c-c^ch 2 h ch 3 

H CI1 3 

II 

H C'Hj H CHs II CH, 

HsC=C-C=CH 2 HiC=C-G-CH 2 HjC^C-C-CHs 

'(H) \ — ► y'/H) | — + I II | 

H 2 C=C-C=CII j 11^=0-0=0112 II-C-C-C=CII 

I I l . || III 

H C1I 3 II CH 3 H II C1I 3 

III 

Probable mechanisms of polymerization in the presence of alkali metals 
are (a) the formation of addition compounds with the alkali metal 100 and 
(^) free-radical chains. 107 

H H Ho II II II 2 

(а) HiC=C— C=CHi + 2Xa - Xa-C (Uc-G-Na 

Hi H H II 2 II 2 H II II. 

I i I i lilt" 

Na — C — C— C — C— Xa + 2C=C— C=C -+ 

Hi H H Ho Ho II H II 2 h 2 h h H 2 

I M II I II II I I 

Xa— 0—0=0— C— C— C=C— C— 0—0=0— C— Na 
H H H, H 2 II II H 2 

i > ! I l l l 

(б) H 2 C=C — C— C + Xa -4 Xa — C — C=C — C — 

H 2 II II II 2 II H 

i i i i ii 

Xa—C— 0=0-0— + H 2 C=C— C=CH 2 -» 

Hi II II Hj II 2 II II Hi 

I, J I I II I I 

Xa- C -0=0— 0— 0—0=0— 0— 

Condensations of 1,3-butadiene and 2-metliyl-1,3-l>iitadiene havo 
boon carried out in the presence of plionylisopropylpotassimn. 108, 109 

,nfi Abkin and Medvednv, ibid., 32, liSO (1936;. 

107 Bergrnann, ibid., 32, 295 (1930;. 

104 XicKler and Kleiner, 473, 57 (1929;. 

109 Ziegler, 1 )ers«-h, and Wollthan, .-Ian., 511, 13 (1934;. 
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The stepwise reaction probably involves 1,2- or 1,4-addition of the 
potassium and the phenylisopropyl group: 


CoHs 

I 

HjC— C — CHj 


CgHj 

I 

HjC— C— CH j 


/ 


CH 2 


HC-K 


2 C— i — C— CH 2 


I 

ch 2 
i . 


% HC 


^CH* 

I 


CHj H 

I I 

H 2 C=C— C=CH* / 
— C— K 


CH a 


C— CHj 

I! 

ch 2 


HC— K, etc. 

I 

C— CHs C— CHj 


ch 2 ch 2 


CHj 


c ( h 6 

\ I 

\ HjC-C— CHj 

\ ' 


c 8 h 5 

I 

HjC-C- CHj 


CIL 

I 

CH 


h 2 c=c — c^ch 2 
> 


C— CHj 
H 2 C-K 


! 

CHj HjC— K 

I I 

CH CH, etc. 

II II 

C— CHsC-CHj 

I I 

CH 2 CH 2 


Titanium chloride in chloroform and stannic chloride catalyzed the 
formation of cyclic polymers from 2-methyl-l, 3-butadiene. 110 The ad- 
dition of oxygen to 2,3~dimethyl- 1,3-butadicne catalyzed polymerization 
resulting, possibly, from the formation of peroxides. 111 Acetic acid with 
sulfuric acid promoted the polymerization of 2-methyl-l, 3-butadiene 
into terpenes. 110 Butadiene polymerized in the presence of mercury 
vapor as a result of photosensitization. 112 The yield as shown by the 
number of molecules polymerized per quantum of light was independent 
of temperature and pressure. Chains are apparently initiated by the 
sensitized mercury atoms with the reaction proceeding as follows: 

Hg* + CH*=CH-CH=CH 2 -> (1) Hg-CH 2 -CH=CH-CHr-- 
or 

-4 (2) Hg— CHa— CH— CH=CH 2 

1 

Formation of (1) predominates over (2). The reaction occurs partially 
at the surface with both deactivation and activation of polymers taking 
place at the surface. 

1,0 Wagner-Jauregg, Aw«., 496, 52 (1932). 

111 Staudingcr and Lautenschlagcr, Ann., 488, 1 (1931). 

112 Gee, Trans. Faraday Soc., 34, 712 (1938). 
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Polymerization of Alkynes. Thermal polymerization of ethyne to 
benzene and other aromatic hydrocarbons has been known for many 
years. 113 Between 300° and 500° thermal polymerization of ethyne 
occurs without excessive decomposition of the hydrocarbon. 114 At the 
beginning of the polymerization, there is apparently a bimolecular, 
homogeneous reaction. 115, 116 Evidence indicates, however, that in later 
stages polymerization is a unimolecular process. Both aliphatic and 
aromatic compounds may be obtained from catalyzed alkync polymeri- 
zations. 117 It is postulated that the polymers of ethyne contain cyclic 
structures (n — number of molecules of but-l-en-3-ync): 118 


Cs=CH 



Aliphatic compounds were obtained from ethyne in 1 he presence of 
cuprous chloride, ammonium chloride, metallic copper, and moisture. 119 
The reaction probably involves the formation of complex cuprous salts 
of ethyne: 

IIC^CII + =C— CII 2 HC=sC— CII=CH* 

(Cuprous 

complex; 

H 2 C=CH— C=CH + =C=(TI 2 1I 2 C=CH— feC-CH=CII 2 
H 2 C=CH— C=CH + =c=cn— cji=ch 2 — 

II 2 C=CH— CssC— CH-=CH- ni=(TI 2 

Cyclic polymers are formed from ethyne when it is heated in the pres- 
ence of acids, acid anhydrides, or phenols. 118 By using an electric 
discharge, polymerization of alkynes to alkadiyncs and alkadicnynes 
was effected. 120 Photopolymerizatioii gave both aliphatic and aromatic 
polymers. 121, 122 ’ 123 

113 Berthelot, Bull. sue. chim ., [2] 11 , 4 (l.SG9j. 

114 Schliipfer and Brunner, Heir. Chim. A eta, 13, 1125 (1930). 

115 Pease, J. Am. Cbm. Hoc., 51 , 3470 (1929). 

116 Taylor and Van Hook, J. I'lnjs. Chettt., 39, 811 (1935;. 

1,7 Kato and Aikawa, J. Ekktrocfum. Axaoc. Ja/nin, 3 , 201 (1935) \C, A., 30, 2555 
(1936;] ; Iki and Ogura, J. S </c. Cb m. Inti. Ja^tn, 30, 401 (1927) [C. A., 21 , 3040 (1927) ). 

118 Dykstra, J. Che.m. .Sue., 56, 1025 (1934). 

119 Nieuwland, Caleott, Downing, and Carter, it >!<!., 53, 4197 (1931). 

120 de Saint-Aunay, Chimin & Industrie, 29, 1011 (1933). 

121 Lind and Livingston, J. Am. Cbm. Sue., 54 , 94 (1932). 

122 Kemula and Mrazck, Z. physik. Cbm., 23B, 358 (1933). 

123 Livingston and Seliillett, J. 1‘hyn. Cbm., 38, 377 (1934), 
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Ethyne polymerizes when subjected to the a-rays from radon. 124 A 
mercury photosensitized reaction at temperatures up to 500° gave 
ethyne polymers containing 200 carbon atoms. 125 The rate of reaction 
was independent of the ethyne pressure but w T as proportional to the 
rate of chain initiation, which depends upon light intensity. The chain 
reaction involving a complex activated mercury-ethyne combination 
may be stopped by a “collision between an ethyne molecule and the 
polymer, of a different character to the propagating collision.” 

Ethyne also combines with alkenes to form unsaturated hydrocar- 
bons of higher molecular weight. 126 Although thermal polymerization 
of an alkyne and alkcne at higher temperatures yields alkadienes, ther- 
mal polymerization at lower temperatures and catalytic polymerization 
yield alkyncs of higher molecular weight. 127, 123 The alkadiene probably 
results from isomerization at the higher temperatures. 

III. ALKYLATION OF ALKANES 

One of the most important processes in hydrocarbon chemistry is 
the alkylation of an alkane with an alkcne. The reaction of isobutane 
with alkenes, discovered by Ipatieff, was the beginning of many studies 
resulting in the commercial use of this fundamental reaction. The alky- 
lation of aliphatic hydrocarbons is an important reaction in the com- 
mercial production of aviation gasoline. Alkylation is the basis for 
producing neohexane (2,2-dimethylbutanc) from isobutane and ethene, 
or 2,2,4-trimcthylpentane from isobutane and isobutene, now commer- 
cial processes for preparing aviation gasoline. 

Alkylation of aliphatic hydrocarbons may be defined broadly as the 
replacement of hydrogen atoms of an alkane by alkyl groups. Polymeri- 
zation of alkenes can be considered as alkylation. These reactions are 
discussed separately under “Polymerization.” 

Isoalkanes arc readily alkylated at or above room temperature when 
boron trifiuoride, nickel, and hydrogen fluoride are used together as the 
catalyst. 129 From the reactions of isobutanc, 2-methylbutane, and 
2,2,4-trimethyIpentane with ethene, and isobutane with isobutene, a 
series of isoalkanes containing even and odd numbers of carbon atoms 
per molecule is always obtained. The cracking reaction accompanies 
the alkylations. 

124 Mund, Velghe, Devos, and Van pee, Bull. soc. chim. Belg ., 48, 269 (1939) [C, A., 
33, 9145 (1939)]. 

125 Melville, Trans. Faraday Soc., 32, 258 (1938). 

126 Berthe! ot. Bull. soc. chim., [2] 6, 268 (1866). 

127 Prunier, Ann. chim, phys., [5] 17, 16 (1879). 

128 Dubose and Luttringer, “Rubber/’ C. Griffin and Co., Ltd., London (1918), p. 253. 

129 Ipatieff and Grosso, /. Am. Chew. Soc., 57, 1616 (1935). 
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The abnormal behavior of 2,2,4-trimethylpentane under ethylation 
can be ascribed to a dealkylation into isobutane and isobutene. The 
boron trifluoride apparently acts by formation of complexes with the 
alkane. The action of aluminum chloride on n-butane, n-hexane, 
?i.-heptane, and 2,2,4-trimethylpentane has been assumed to be a split- 
ting of the original hydrocarbon into a smaller alkane and an alkene 
which immediately alkylates other alkane molecules present. 3 

Further investigations of alkylation have shown that the reaction 
is a general one for higher alkanes. 130 The alkylations of isobutane and 
n-hexane with ethenc were catalyzed by aluminum chloride at about 
15 atmospheres pressure. 130, 131 The products were alkanes up to dode- 
canes from isobutane and higher-molecular-weight products from 71- 
hexane. 

Alkylation using aluminum chloride at low temperatures and atmos- 
pheric pressure produced a monoalkylation. 13 - Veiy low temperatures 
( — 100°) were undesirable, since inactivity of the alkanes caused poly- 
merization of alkenes to predominate over the alkylation reaction. 
Alkylation of isobutane with a mixture of 1- and 2-butenes at —35° 
yielded isooctanes and isododccancs in a 5 : 1 proportion. The isooc- 
tanes are made up largely of 2,2,3- and 2,2,4-trimethylpentane, which 
indicates that some isomerization of the n-butencs to isobutene took 
place. These reactions are illustrated as follows: 

H H H 2 CH 3 H H 2 

1 11 111 

(1) H S C— C— CHj + H 2 C=C— C— C'Hj — > H,C— C C C -CII3 

I I I 

CHj C1I S CH, 

(2) H 2 C=CH— CHj— CH, -> II 2 C=C—CH 3 

I 

ch 3 

H CHj IT 2 H 

I III 

H S C — C — CHs + II 2 C=C— CII, -* II 3 C— C — C— C— CH, 

I I II 

CHj CHj CHj CHj 

II II II, IIj II 

I I I II 

HjC — C — CII3 + II 2 C=C - CH, -» HjC— C-C— C— C— CHj 

I I I I 

CIIj CIIj CHj CH, 

138 Ipatieff, Crosse, Pines, and Kornarewsky, AW., 68, 913 (1930). 

131 Ipatieff, "Catalytic Reactions at High Pressures and Temperatures,” Macmillan 
Co., New York (19307, p. 073. 

15! Pines, Grosso, and Ipatieff, J. Am. Chem. Soc., 64, 33 (1943). 
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Catalysts less active than aluminum chloride can be used to advan- 
tage at higher temperatures. Isobutane and ethene reacted at 100° in 
the presence of zirconium chloride, yielding 99 per cent of alkanes. 133 ' 134 

Several investigators have described alkylations of isoalkanes by al- 
kenes in the presence of concentrated sulfuric acid at ordinary tempera- 
tures. The use of too highly concentrated acids leads to carbonization, 
oxidation of hydrocarbons, and a decrease in the octane rating and yield 
of the alkylate. An excess of isoalkane over that required for cqui- 
molecular addition to the alkenc results in an increased yield of aviation 
gasoline and in a decreased amount of high-boiling hydrocarbons. Evi- 
dently, such excess of isoalkane prevents or reduces polymerization of 
the alkenes. Highly branched alkanes were formed from isobutane by 
addition of the following alkenes in the presence of sulfuric acid: 1-bu- 
tenc, 2-butene, isobutene, and 2-methyl-2-butcne. 

Alkylations in the presence of sulfuric acid proceed by the union of 
an alkyl group containing a primary carbon atom with an unsaturated 
group containing a tertiary or quaternary carbon atom: 135 


H 

H 2 C=CII + H 3 C— C— CH 3 -> 

I I 

CII* C1I 3 

CH 3 H 

I I 

h 2 c=c + h 3 c— c— cii 3 -> 

I I 

ch 3 cii 3 

CHs H 2 H 

I I I 

II 2 C=C + 1I 3 C— C— C-Clli -> 

I I 

ch 3 ch 3 


H H 2 II 

I I I 

HiC— C— C-C--CH, 

I I 

CHa CII* 

CIi 3 II 2 II 

HaO-C — C— C— CHa 

I I 

CHa CHa 
CH 3 H 2 H 2 H 

I II I 

H 3 C— C — C— C— C— CIIj 

I I 

CHa CHa 


Alkylations of isoalkanes by alkenes are assumed to involve: (1) the 
formation of an intermediate complex between the isoalkane and sul- 
furic acid; (2) the transfer of a proton from the sulfuric acid to an alkene, 
whereby the last molecule forms a positive or carbonium fragment; 
(3) the restoration of the issuing hydrogen sulfate part by the transfer 
of a proton from a terminal methyl group of the attached isoalkanc, 

133 Ipatieff, “Catalytic Reactions at High Pressures and Temperatures,” Macmillan 
Co., New York (1930), p. 6S2. 

134 Ipatieff, Grossc, and Komarewsky, paper presented at Am. Cliem. Soe. Meeting, 
San Francisco, 1935. 

135 Birch, Dunstan, l’idler, Pim, and Tait, Ind . Eng. t'hcm,, 31 , 1079 (1939). 
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making the latter a carbanion; and (4) the union of carbanion and car- 
bonium ion with liberation of free sulfuric acid. 136 These steps are 
patterned after the mechanism for an acid-catalyzed polymerization, 
and are illustrated as follows: 

ch 3 


ch 3 


I 6 - 

CII 


HO 


CH a 


0 


6 + 

CH 3 


HO 

\++/ A- «+ 

+ S CH— CII 3 

/ \_\i+ 

HO 0 CH 3 

Intermediate complex 


HO 0 

CHa HO 0 CH 3 

i \/ / 

CHa-C + S CII-CHa 

I! /\ \ 

CH Z HO 0 Clla 

CHa CHa 

I I 

CHj— C— CH 2 -CHC-H 3 + H 2 SO. 

I 

CHa 


CHi 

0 0 cir 3 


\ / / 

C1I 3 -C© 

S CH— CHa 

i 

/ \ \ 

ciia 

D 

0 

0 


i 

cii 3 

110 0 ch 3 

1 

\ / / 

C1I 3 — C © 

S CXI— CIT20 

1 

/ \ \ 

ch 3 

HO 0 CH a 


The foregoing representations, however, arc attended both by the 
general difficulties of the carbonium-ion theory and by disregard of de- 
hydrogenation-hydrogenation and other reactions occurring in the 
presence of sulfuric acid. Numerous secondary reactions accompany an 
alkylation catalyzed by sulfuric acid. For example, the butene and 
methylbutane reaction may proceed as indicated: 


II H 2 

I I 

II 2 C=C — C — CII 3 


11 ii 2 


II 3 C — C — C — CII 3 ~b II 3 C — C — C CII 3 

I I I 

CII 3 H H 


or 

H,C=C— CHi 

I 

CII 3 

it 

1 3 * Birr:h and Dunstan, Tran*. Faraday »S’oc., 36, 1013 (1039). 
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CH 3 H 2 H s II 

I I I I 

H S C — C — C— C— C— CH a 

I I 

ch 3 ch 3 

it 

H H 2 H 2 

I I I 

H 3 C — C — C — C — CH 3 

I 

ch 3 

or 

H 2 H H 2 H 

III I 

H 3 C-C-C-C— CH 3 + H 2 C=C— C1I 3 

I 

CHa 

or 

H II 

I I 

H 3 C— C — C- CIJ 3 

I I 

CH 3 CH 3 

One observation seriously contradicts the carbonium-ion theory of alky- 
lation, namely, the formation of typical alkylates at —12° by slow 
addition of diisopropyl sulfate to a mixture of isobutanc and sulfuric 
acid. 135 

The foregoing examples of alkylation of alkanes, using boron tri- 
fluoride, aluminum ehlorido, zirconium tetrachloride, or sulfuric acid 
as catalysts, present the well-defined catalytic procedures. Other alkyl- 
ation processes are cither of thermal nature or of more complicated 
catalytic character. 

Neohexane (2,2-climethylbutane) is produced commercially by the 
thermal process and marketed as a high-volatility aviation fuel. 137 

Propane has been alkylated by ethene at temperatures about 500° 
and over 300 atmospheres pressure, yielding n~ and isopentanes. A 
similar treatment of isobutanc and ethene gave 2,2-dimethylbutane 
and 2-methyl pentane. 338 ' 139 ■ 140 These thermal alkylations proceed with- 
out isomerization: 

137 Oberfell and Frey, Natl. Petroleum News, 31, No. 48, It-502 (1939) ; Oil Gas ■/., 35. 
No. 29, 70 (1939). 

us j? rey anc j Hepp, Ind. Eng. Chem., 28, 1439 (1936). 

1SS Frey, Oil Gas J., 35. No. 34, 40 (1937). 

140 Oberfell and Frey, Refiner Natural Gasoline Mfr„ 18, 486 (1939) ; Oil Gas J., 38, No. 
28, 50 (1939). 
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H, 


II 3 C— C— C— C— CHj 

I I I 

h 2 h 2 II 2 


H 3 C— C— CII 3 + 1I2C=CII 2 H 

\ I 

H 3 C— C— C— CII 3 

I I 

ch 3 h 2 

cir 3 ii* 

I I 

II H;tC— -C - - C -CII 3 

I / I 

H;,C -C-CII 3 + H2C=CII 2 (Tl 3 

I \ 

CH 3 II II 2 1I 2 


HiC — C — C — (' — CII 3 

I 

CII, 


The alkali aluminum chlorides arc active catalysts for alkylation 
only when (a) the alkane is introduced in excess of the alkene to lessen 
the competitive reaction of polymerization, (h) alkenes of small size are 
utilized to decrease the polymerization tendency, (c) moderate* rates of 
hydrocarbon input arc maintained to obtain an appreciable alkylation, 
(d) optimum temperatures are used for the particular catalyst selected, 
and (e) fresh catalyst is used. The alkali aluminum chlorides were 
selective toward alkylation of isobutane for about 5 hours and functioned 
thereafter as polymerization catalysts. 


IV. DEHYDROGENATION OF ALIPHATIC HYDROCARBONS 

Thermal dehydrogenation of alkanes to alkenes, alkadienes, and 
alkyncs has been recognized for a long time, but the reaction shows no 
selective production of alkenes and alkadienes in high yields . 111 In re- 
cent years, catalysts have been found which are selective and bring 
about almost quantitative dehydrogenation of ethane, propane, 71-bu- 
tane, and isobutane to the corresponding alkenes, and of butenes, 
isobutene, and pentenes to alkadienes, ('racking of the carbon-carbon 
linkages is eliminated for the most part in the catalytic reaction while 
thermal dehydrogenation is accompanied by considerable cracking. 
Commercial importance of the; resulting alkenes is found in the uiauu- 

141 Egloff, “Reactions of Pure Hydrocarbons,” Rein hold Publishing Corp,, New York 
(1037;, pp. 34, L>79. 
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facture of high-octane-rating gasoline by conversion of the butenes into 
isooctancs through alkylation and hydrogenation. The isobutene and 
butadiene from butanes are used as basic materials in the production of 
synthetic rubber and resins. 

Dehydrogenation of Alkanes. A comparison of thermal with cata- 
lytic dehydrogenation, at 600° and 1 atmosphere pressure of n-butane, 
shows only 14 per cent conversion to butenes in the thermal reaction 
while over 95 per cent conversion was obtained in the catalytic reac- 
tion. 142 Dehydrogenation is considered thermodynamically impossible 
except at elevated temperatures, and alkanes, especially the higher ones, 
decompose at these temperatures. 143 The equilibrium constants for the 
first four alkanes from 350° to 500° in reactions catalyzed by chromium 
oxide gel, with no appreciable side reactions, show that dehydrogenation 
increases with temperature and the shorter chains are more stable than 
the longer chains at higher temperatures as indicated in Table II. 


K 

(C 2 H 4 )(H 2 ) 

' c 2 h 6 " 

350° 

400° 

0.00015 

450° 

0.00076 

(C 3 He)(H 2 ) 

Calls 

0.00038 

0.0022 

0.0074 

(CH 3 CH 2 CH=CH 2 )(H 2 ) 

CII 3 C 1 I 2 CH 2 CH 3 

0.00045 

0.0022 

0.0075 

(irons-Cn 3 Cn=CHCH3) (Ha) 
CH 3 CH 2 CH 2 CH 3 

0.00083 

0.0039 

0.014 

(ofS’CIIsCl I=CTTCH 3 )(H 2 ) 

ch 3 ch 2 ch 2 ch 3 

0.00052 

0.0025 

0.0087 

((CH 3 ) 2 C=CH 2 )(H 2 ) 

(CH 3 ) 2 CHCH 3 

0.0017 

0.010 

0.042 


The first requisite of the catalyst is that it must promote splitting 
off of hydrogen without cleavage of the carbon-carbon bond. 144 Com- 
pounds which catalyze dehydrogenation at lower temperatures are not 
used unless capable of selective activity above 500°, since equilibrium 
shifts toward the alkane below 500°. Accumulation of carbonaceous 
deposits and other materials foreign to the reaction deactivates the 
catalyst; therefore the catalyst must be capable of rapid regeneration 

142 Grosse, Ipatieff, Egloff, and Morrell, Proc. Am. Petroleum I nut., 20 III, 110 (1939). 

143 Frey and Iluppke, Ind. Eng. Chan., 25, 54 (1933). 

144 Grosse and Ipatieff, ibid., 32 , 268 (1940). 
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under commercial conditions. 144, 145 Excessive temperatures may dis 
rupt the physical structure of the catalyst, and then regeneration is not 
possible. 145 

From consideration of chemical composition, the oxides of the tran- 
sition metals of groups IV, V, and VI, such as chromium, molybdenum, 
vanadium, titanium, and cerium, are the beat catalysis. 144 Chromium 
oxide has been used most extensively. When used in reactions of hydro- 
carbons having six or more carbon atoms, it also catalyzes cyclization of 
the carbon chain. The oxide is more active when supported on a carrier 
of relatively lower activity such as alumina. Activated alumina alone 
promotes dehydrogenation but is less effective than chromium oxide on 
alumina. 146 Chromium oxide Is active in the gel form at 400° but is 
unstable at 500°. The gel form is not useful for dehydrogenation since 
equilibrium is on the alkane side at lower temperatures. Alumina also 
modifies the activity of compounds which arc too active for use as de- 
hydrogenation catalysts. Iron oxide in gel form, for example, catalyzes 
disruption of the hydrocarbon molecule, but promotes selective dehydro- 
genation when employed on an alumina carrier. Aluminum oxide was 
used as carrier for nickel oxide, vanadyl sulfate, zinc oxide, and reduced 
nickel ; it rendered them effective in reactions carried out at 500° to 600°. 
The high adsorptive activity as well as the porous solid structure of 
alumina seems to be the reason for its suitability. Relation of high ad- 
sorptive capacity to catalytic activity is evidenced by the necessity of 
small amounts of water or hydrogen sulfide in the reaction. 

The temperature range suitable for catalytic dehydrogenation of 
alkanes 144 is between 500° and 750°. AY hen chromium oxide on alumina 
is used, however, temperatures between 500° and 600° are adequate. 
The reaction is successfully carried out at atmospheric pressure. The 
readiness with which dehydrogenation takes place increases as the size 
of the hydrocarbon molecule increases up to a maximum at which 
cracking or carbon-carbon scission takes place. 143 As the time of reac- 
tion is lengthened, dehydrogenation increases to a maximum, after 
which secondary reactions begin to complicate the reaction. In experi- 
ments with copper on pumice, the following reactions, (2) and (3), 
predominated over (1), but the relative extent of reaction (1) was in- 
creased by shortening the contact time. 146 


( 1 ) 

C 4 Hio - CJI* + H« 

( 2 ) 

C 4 H 10 C 3 He + CH* 

(3) 

C 4 H 10 — * C 2 II 4 T C 2 II 4 


145 Burgin, Groll, and Rolxjrts, Oil Gas J., 37, No. 17, 48 (1940). 
uc Matignon, Kling, and Florentin, Compt, rend., 194, 1040 (1932). 
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The presence of small amounts of water vapor, about 0.1 mole per cent 
introduced with the hydrocarbon, seems to be necessary. 147 Without 
this moisture, the catalyst is inefficient, but with excess moisture, the 
activity is also decreased. The action of the water is probably the for- 
mation of a monomolecular layer over the catalyst and regulation of 
the state of hydration of the alumina. The postulation has been made 
that the monomolecular layer is the seat of dehydrogenation and that 
the reaction may occur between the carbon-hydrogen bonds of the al- 
kane and the activated hydrogen-oxygen bonds in the adsorbed state. 
Hydrogen sulfide and other compounds containing hydrogen bonded to 
an electronegative element function in the same manner as water. 

Dehydrogenation of Alkenes. Conjugated alkadienes result from 
the catalytic dehydrogenation of the alkenes. Whether 1- or 2-butene 
was used as starting material, the final product was 1,3-butadiene. 148 
Likewise the pentenes and methylbutenes yielded 1,3-pentadienc and 
methyl- 1,3 -butadiene, respectively. A tendency to form allcne type 
products was not observed with butenes and pentenes, and propene 
yielded predominately carbon and hydrogen when subjected to dehydro- 
genation conditions. Alky nos are not formed in the catalytic dehydro- 
genation of alkenes, and starting with butadienes under dehydrogenation 
conditions, the reaction yields liquid polymerization and condensation 
products. The catalysts used for dehydrogenation of alkanes to alkenes 
are effective in producing alkadienes from alkenes. The equilibrium 

H 2 C=CII— CII 2 — CH 3 ±=> CH 2 =CH'-CH=CH 2 + II 2 

is shifted to the right by both increased temperature and diminished 
pressure. The amount of butadiene from 2-butene at 700° was also 
increased by the presence of magnesium oxide, zinc oxide, silica gel, 
platinum, iron, copper, and charcoal. 149 Yields decreased in these ex- 
periments when the velocity of the incoming butene was increased or 
the time of reaction shortened. Carbonaceous deposits are formed to a 
greater extent in the dehydrogenation of alkenes than of alkanes. By 
shortening the contact time, carbon formation may be minimized. 148 

V. DEHYDRO CYCLIZATION OF ALKANES AND ALKENES 
TO AROMATIC HYDROCARBONS 

For a long time, aliphaties and alicyelics have been known to give 
low yields of aromatic hydrocarbons at high temperatures by cracking. 141 

14T Beeck, Nature, 136, 1028 (1935). 

1<# Grosse, Morrell, and Mavity, lad. Eng. Chem., 32, 309 (1940). 

M# Fedorov, Smirnova, and Semenov, J. A polled Chan. (U.S.S.R.), 7, 1166 (1934) 
[C. A., 29, 5808 (1935)]. 
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In recent years, however, a new reaction of catalytic dehydrocyclization 
or aromalization has been used to convert alkanes and alkenes of six 
to ten carbon atoms into aromatic hydrocarbons in almost theoretical 
yields. The products obtained are those predicted when rearrangement 
of the hydrocarbon skeleton prior to eyclization does not take place. 
For example, n-hexane or n-hexene and /7-heptane or n-hcptcnc yield 
benzene and toluene respect ively. Thermodynamic considerations in- 
dicate that dehydrocyclization should be carried out 150 above 300°. 
Since the aliphatic hydrocarbons decompose at these temperatures, 
aromalization requires the selection of a dehydrogenating catalyst that 
does not split the carbon-carbon linkages. A catalyst which can readily 
be reactivated is necessary since the catalyst is poisoned by accumula- 
tion of hydrogen, water vapor, oxygen, by-products, and carbonaceous 
materials. 150, 151 The more efficient catalysts are found in the oxides 
from metals of groups IV, V, and VI of the periodic table. Certain 
variations of these oxides promote an almost quantitative reaction. 162 
Alkenes, however, are not wholly eliminated as products of the reaction 
even with these catalysts. 

Moldavskii and co-workers obtained, with chromium oxide as cata- 
lyst at about 470°, appreciable amounts of aromatics from the dehydro- 
cyclization of alkanes having six to ten carbon atoms. 153 Molybdenum 
sulfide and activated carbon also caused dehydrocyclization. Octane 
was converted into 1,2-dimethylbenzene by the catalytic action of zinc 
oxide, titanium oxide, molybdenum oxide, or molybdenum sulfide at 
temperatures of 400° to 550°. 164 Activated wood charcoal or carbon 
deposited on iron turnings promoted the conversion of octane into 1,2- 
dimethylbenzene and of 2,5-dimcthylhexane into 1,4-dimethylbon- 
zene. 165 Other experimenters using platinized charcoal at about 310° 
obtained small yields of aromatics. 156 Platinum with nickel catalyzed 
the reaction at 260° to 350°. 151 Nickel with alumina promoted dchydro- 

140 Taylor and Turkevieh, Tram. Far at! ay Sue., 35, 92] 71939). 

141 Zelinsky, Kasandrii, Lilxjrman, Uisdk, Plato, and Scrguienko. f'ampf. nxd. anu). 
sci. V.R.S.S., 27, 443 (1940;; Kazanskii, Plate, Dulnnova, and Zelinsky, iM„ 27, 05S 
(1940J ; Kazan skii, Scrguienko, and Zelinsky, ?'M., 27, fitil 71940*. 

lw Grosse, Morrell, and Mattox, In/I. Eng. Chew., 32, 52 X 71940*. 

liJ Moldavskii, Kam usher, and Kobylskaya, .1 . (Jen. (‘him. (C.S.S.R.), 7 , |<sy { ; 
Refiner Salural (Jasolmc M/ r ., 18 , US (1939/; Muldavnkii and Kamusher, 
acad. sci. U.R.S.S., 10, 355 UO.'iGj . 

144 Moldavskii, Kamusher, and Kobyl’.skaya, J. Cm. ('hem. (C.S S U ) 7 1X35 r | OUT j 
[C. A., 32, 508 ( 193ft;}. ’ * 

144 MolrJav.skii, Bezx>rozvannaya, Kamu.sher, and Kobyl’skayn i7.,7/ 7 1S10 <1US7> 
[C. A., 32, 508 G !/•%/]. 

144 Kazan. skii, Plate, and Goledman, Cnmpt. rend. /tend. sri. C.K.S.S., 23, 250 
Kazariakii and Plate, ./, (Jen. Chm. ( C.S.SM. 9, 4% 71939; P'. d., 33, 9294 
Kazanskii and Plate, IScr., 69, 1802 71935/. 
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cyclization of n-octane and n-decanc, but this catalyst also caused the 
side chain to split, yielding toluene and alkanes as the final products. 157 
Chromium with copper and phosphoric acid catalyzed dehydrocycliza- 
tion of rc-heptane, n-dccanc, and isodecane, but yields were less than 50 
per cent, 151 * Chromium borate was effective but its activity decreased 
rapidly. 159 

The oxides of metals of groups IV, V, and VI give much better 
results than other catalysts which promote dehydrocyclization, and the 
form in which they are used is important. With chromium oxide gel at 
about 470°, 89 per cent toluene was obtained from heptane and 90 per 
cent aromatic products from heptene. 150 With freshly prepared chromic 
oxide, the aromatic yield was composed of almost 100 per cent benzene 
from n-hexano, 95 per cent toluene from n-heptane, and about 80 per 
cent 1,4-dimcthylbenzene from 2, 5-dimethyl hexane. 1 80 The activity 
of previously ignited chromium oxide decreased much more rapidly 
than that of the non-ignited. 159 Chromium oxide deposited on the 
previously ignited compound, however, was more effective than either 
form alone. 151, 159 On alumina, non-ignited chromium oxide is very good 
and may be readily regenerated with air. Vanadium, thorium, molyb- 
denum, and uranium oxides were also more active when used on an 
alumina carrier. Chromium oxide is effective at lower temperatures 
than vanadium oxide. 161 The comparative value of the oxides as cata- 
lysts was chromium, vanadium, and molybdenum > chromium and 
vanadium > chromium and molybdenum > chromium > vanadium 
and molybdenum. 152 A mixture of cobalt oxide and chromium oxide on 
alumina also catalyzes aromatization, and this catalyst is readily 
regenerated. 162 

The results of dehydrocyclization vary with the size and structure 
of the hydrocarbon used. The reaction is less successful if the compound 
must isomcrizc to a six-carbon chain before cyclization as in the case of 
the methylpcntancs. 160 An increase in the size of the hydrocarbon 
molecule increases aromatization. u-Nonane produced about 38 per 
cent more aromatic products than did n-hexane. Cracking reactions, 
i.e., carbon-carbon cleavages, become more important with hydrocar- 
bons having more than eight carbon atoms. In some hydrocarbons, 

167 Komar<m>ky anti Iliesz, J. Am. Chan. Soc., 61, 25D4 (1939). 

168 Karzhev, Sever’ Yanova, and Si ova, Oil (iasJ., 37, No. 4, 50 (193S) ; Khim. Tver do ga 
Topliva, 7. 559 (1030). 

189 Kazuiiskii, l.ilierman, Plato, Serguienko, and Zelinsky, Compt. rend. amd. sci. 

27, 440 (1940). 

100 Iloog, Yerbeus, and Zuidmveg, Trans. Fa rad tip Soc., 35, 903 (1039). 

161 Koch, Hrnin*t»ff-('hrm., 20, 1 (1030). 

182 Sergienko, Hull, aratl. sri. V.R.S.S., No. 1, 101 (1041). 
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chain branching is observed to increase the yield of aromatics, but in 
others it seems to decrease aromatization. The difference between 
2,5-dimethylhexane and 3-methylheptane indicates that branching 
favors aromatization, but the difference in the products of 3-methylhep- 
tane and h - octane shows the contrary. When compounds present alter- 
native courses for ring closures, not all possibilities are realized. The 
aromatic yield from 3-methylheptane, for example, is about 35 per cent 
1 ,2-dimethylbenzene, 5 per cent 1,3-dimefhvlbcnzene, 55 per cent 1,4- 
dimethylbenzenc, but only 5 per cent ethylbenzene. Two isomers are 
theoretically formed from both n-octanc and /Mionane, but 80 per cent 
of the eight-carbon aromatic product is 1,2-dimolhylbcnzene and 90 
per cent of the nine-carbon yield is l-methyl-2-ethylbeiizene. Ring 
closures seem to involve secondary carbon atoms preferentially, and 
compounds which have the shortest possible side chains result if their 
formation does not require isomerization of the carbon skeleton. During 
the aromatization of alkanes in the presence of chromium oxide 2- and 
3-alkenes are also formed. The positions of the double bonds are prob- 
ably determined by the catalyzed isomerization of 1-alkenes. 

Aromatization of alkencs, as of alkanes, increases with the number of 
carbon atoms. 1 * 0 The position of the double bond may influence the 
reaction. Thirteen per cent more aromatics was obtained from 1 -hexene 
than from 2-hexene but only 4 per cent more aromatics was obtained 
from 1-heptene than from 2-heptene. Dehydrocvelization of the alkones 
occurs more readily than that of the alkanes. 150 - 180 The aromatization, 
however, is not correspondingly greater since the catalyst is more rapidly 
deactivated in alkene reactions by the greater occurrence of side reac- 
tions. 150 1-Hexene yields 11.5 per cent more aromatics than n-hexaue, 
and 2-oetene yields 13 per cent more aromatics than n- octane. 1 ™ A 
shifting of the double bond from the terminal position is found in the 
alkene products from chromium oxide-catalyzed reactions. 'I'he point 
of unsaturation of t- and 2-heptene shifts to the 3-position. 

Several possibilities may be offered for the course through which 
dehydrocyclization proceeds. 160 The alkane may form the aromatic in 
one step by a simultaneous cyclization and dehydrogenation. A second 
method is the primary formation of an alkene which may form either an 
aromatic directly, or an alieyclic which dehydrogenates to an aromatic, 
or an alkane may form an alieyclic which in turn yields an aromatic. 
Alkencs in the final reaction products may lx* accounted for by side 
reactions rather than by their formation as intermediates in the dehydro- 
cyclization reaction, but data indicate that cyclization of alkanes 
occurs largely through dehydrogenation to the corresponding alkene. 
Although it is probable that the reaction proceeds partially through 
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formation of an alicyclic, very few and in some cases no alicyclic com- 
pounds have been found in the final products, 159, 169 ’ 163 Pitkethly 
and Steiner have proposed two mechanisms in which some of the inter- 
mediates exist in association with active centers on the catalytic sur- 
face. 193 

Their data give evidence that alkenes are actually intermediate product s 
but that cyclic compounds do not exist in an isolabie form. The follow- 
ing mechanism, in which X represents an active center on the catalytic 
surface, lias been proposed to coordinate the data of R ideal and the 
postulations of Pitkethly and Steiner: 164 


CH, CIIj 

/ \ / \ 


CH 2 CHi—CHj 

CH* C1I 2 — < 
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HC CH 

\ / 

\ / 

CH H 

1 I 

HC 

X X 
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The dehydrocyclization of alkanes, although discovered but a few 
years ago, is now- in commercial operation. One plant costing over 
$14,000,000 produces 30,000,000 gallons of toluene yearly, which is more 
than the total produced by all the coal carbonization units operating in 
the United States. The toluene will be* converted into the explosive 
trinitrotoluene. 

VI. PREPARATION OF THE HALOGEN DERIVATIVES OF 
ALIPHATIC HYDROCARBONS 

The halogen derivatives of aliphatic hydrocarbons are prepared by 
action of the halogens and halogen-containing compounds. Alkyl bro- 

m Pitkethly and Steiner, Trans. Faraday S or.., 35, 070 (1939). 

164 Twigg, ibid., 35, 1006 (1030); R ideal, Proc. Cambridge Phil. Sue., 35, 130 (1939). 
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mides and chlorides arc produced with greater facility than iodides and 
fluorides since the iodination reaction is reversible and fluorination tends 
to be explosive. Bromination, while readily accomplished, has received 
less attention in the laboratory and is of less commercial importance 
than chlorination. 

Chlorination or bromination of alkenes may be controlled so that 
substitution products are formed. As with the alkane substitutions, 
the mechanism of this reaction appears to be a radical chain mechanism. 

The alkadienes and alkenynes usually form 1, 4-addition compounds 
rather than simple addition products as observed with alkenes. The 
alkenynes also resemble the alkynes in some halogenation reactions. 

The halogen substitution of alkynes requires the use of special re- 
agents. 

Halogenation of Alkanes 

The reaction of alkanes with halogens is brought alxmt by heat, 
light, and catalysts. There is considerable evidence that halogenation 
follows a chain-mcchanism reaction, but the difficulty in isolating all 
intermediate compounds prevents establishment of one definite course 
of reaction. Activation energy calculations on the chlorination of meth- 
ane as well as recent experimental data support a free-radical chain 
mechanism. 

The facility with which halogenation takes place is largely deter- 
mined by the halogen used. Fluorine derivatives of alkanes are usually 
prepared by indirect methods such as the reaction of bromn-, chloro-, 
or iodoalkanes with a metallic fluoride or the reaction Ixdween fluorine 
and charcoal. Chlorine has been studied almost exclusively in the halo- 
genation reaction since it. substitutes more readily than bromine. 

Thermal Halogenation of Alkanes. Halogenation of alkanes takes 
place as a homogeneous reaction at elevated temperatures. 1 ' 55 - m ' ir,T 
The chlorination of lower alkanes is effected thermally w above 2<H)° 
and has been studied at temperatures 168 over 1000°. Methane, ethane, 
propane, and butanes give appreciable yields of chlorinated products 
at about 300°. 

The extent of polysubstitution depends on the rates of competing 
reactions. 165 Polysubstitution may be minimized by temperature con- 
trol, 169 - 170 but a good yield of monochloride may be obtained at high 

186 Vaughan and Rust, J. Org. Chem., 6, 41U f . 

188 Pease and Walz, J. Am. Chem. Soc., S3, 3*2, 37_’S flGSt). 

187 Yuster and Rcyerson, J. Phyn. Chem., 39, Sf,9 

189 Mason and Wheeler, J. Chem. Sac., 22*2 fHj31j. 

188 Guyer and Rufer, Helv. Ckim. Ada, 23, .533 ri{i40j. 

178 Hass, McBee, and Weber, lnd. Eng. Chem., 28, 333 fia'IG). 
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temperatures, 800° to 900°, by rapid passage of the gases through the 
reaction tube. 168 

Both the mono- and dichlorination products give evidence that car- 
bon skeleton rearrangements occur only as a result of pyrolysis. 171 
Liquid phase chlorination shows rates duplicated by vapor phase chlori- 
nation only at much higher temperatures. 170 In regard to the orienta- 
tion of a second substituent, Hass and co-workers report that the 
presence of a halogen on a carbon hinders further substitution on that 
atom. 170 

Uncatalyzed fluorine substitution proceeds under somewhat modified 
conditions, Moissan isolated carbon tetrafluoride from the fluorinated 
products of a low-temperature methane-fluorine reaction. 172 Hexane 
was fluorinated at the temperature of an ice-salt bath by the introduc- 
tion of the halogen diluted with nitrogen gas. 173 Fluorohexadecane was 
obtained when fluorine diluted with carbon dioxide was reacted with a 
carbon tetrachloride solution of n-hexadeeane. 174 

Experimental evidence indicates that thermal chlorination results, 
at least in part, from a chain mechanism. Observations have been made 
which support both a free-radical chain and a thermal chain initiated 
through bimolceular metatheses. The simple mechanism may be 
illustrated: 165 

C 1 > Cl + Cl 
Cl + C 2 II 6 -> CJIi + HCl 
c 2 h 5 + Cl 2 C2H5CI + Cl 
Cl -f Wall — » chain ending 

Yustcr and Reyerson suggest chain-termination possibilities represented 
by the intermediates of the propane reaction: 167 

Cl + Cl -* Cl 2 
C 3 H 7 + Cl -* C 3 H 7 C1 
CJIfiCl + Cl C 3 H 6 C1 2 
C3TI5CI2 + Cl — > C|H b C 1 3 , etc. 

Call; + CsIIeCl -* CelliaCl 

Active group + 0 2 — » inactive group 

171 Hass, McBec, and Weber, ibid., 27, 1190 (1935). 

171 Moissan, Coin pi. rend., 110, 951 (1890). 

m Fredenhajrcn and C'adenbneb, firr, 67, D2S (1934). 

in Bockemu tiller, Ann., 606, 20 (1933). 
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The production of chlorine atoms and the termination of chains on the 
wall of the reactor are indicated by dependence of the reaction on a 
surface. The fact that the presence or absence of moisture, carbon sur- 
faces, and light does not affect the relative reaction rates of substitution 
indicates a chain reaction initiated at the wall. 170 The inhibitory effect 
of oxygen supports a free-radical chain mechanism. 165 An induction 
period also indicates the initiation of a chain reaction. 

In consideration of experimental results 170 • 171 1 175 on thermal chlori- 
nation of alkanes, the following generalizations may be offered: 

1. A molar excess of alkane over halogen diminishes the amount of 
polvchlorination. 

2. Oxygen inhibits chlorination. 

3. The presence of alkencs inhibits the chlorination of alkanes. The 
chlorination takes place, however, on (lie alkane. 

4. Carbon skeleton rearrangements do not occur below temperatures 
at which pyrolysis takes place. 

5. The relative rates of substitution are primary < secondary < 
tertiary, but the rates approach 1:1 : 1 at increasing temperatures. 

6. The relative rates of primary, secondary, and tertiary substitu- 
tion are not affected by moisture, carbon surfaces, or light. 

7. Increased pressure causes increased relative rates of primary 
substitution. 

8. The free-radical chain mechanism seems to offer a plausible ex- 
planation for thermal chlorination. 

Catalytic Halogenation cf Alkanes. Several types of substances 
accelerate the halogenation of alkanes. Effective materials are com- 
pounds which readily decompose to free radicals; metals and metallic 
salts, alone or dispersed on silica gel or pumice; activated carbon; and 
simultaneously reacting olefins. Ethane and chlorine react in the pres- 
ence of tetraethyllead at 132°, a temperature about 150° lower than 
that required for purely thermal chlorination. 165 The catalytic, action 
of this type of compound supports a chain mechanism. 

Some metals and metallic salts accelerate halogenation reactions. 
The control of direct fluorination has been effected by modifying the 
reaction rate with a copper gauze catalyst. 176 Cupric chloride, eerous 
chloride, and ferric chloride are frequently used in the chlorination of 
alkanes, 1 "' 1,8 ' 1,51 Bromination occurs with ferric bromide on pumice. 

175 Hass, MeBoe, ami Hatch, l ml. Eng. Chrm., 29, 1386 . 

154 Hadley, ^ oung, I' ukuhara, and Bigelow, paper presented at Am. f'hem. Koc. Meet- 
ing, Cincinnati, 1940; falfce, I- ukuhara, and Bigelow, J. Am. Chrm. Sue., 61, 3552 (1939) ; 
Calfce and Bigelow, ibid., 59, 2072 (1937). 

117 Giordani, Ann. ehim. appltcafa, 25, 1(>3 (1935) [C. A.. 29, 0200 (1935)1. 

178 Zapan, Thise* Facultt Sci. Unit. Paris, 9 (1930) [C. A., 26, 77 (1932)1. 

l7 * Tomasik, Przcmysl Chem., 18, 598 (1934) [C. A ., 29, 6206 (1935)). 
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Activated cupric chloride on silica gel has been found to be more effi- 
cient than activated copper or aluminum oxide in the chlorination of 
propane at 324 °; there is a heterogeneous reaction under these condi- 
tions, showing the following mechanism at the surface: 180 

CuCl 2 + heat CuCl + Cl 
CuCl + Cl + Calls — IICuCl, + C3H7 
HC11CI2 + heat CuCl + HC 1 
CuCl + Cl 2 -> CuCl* + Cl 
Cl + C3H7 C3H7CI 

Antimony pentachloride catalyzes the chlorination of methane and 
ethane more effectively than titanic chloride, which in turn is more 
effective than stannic chloride. 178 

Chlorination may also be catalyzed by simultaneously reacting ole- 
fins. Pentane in a mixture with ethene and chlorine undergoes substi- 
tution, and ehloropentane is formed in preference to dichloroethane. 181 
Stewart and Weidcnbauni 181 have proposed a chain mechanism favor- 
ing propagation by the olefin intermediate rather than the pentane 
intermediate: 

I Cl 2 Cl + Cl 

2(a) Cl + C2II4 -> C2H4CI 

(6) Cl + CJI 12 C s Hu + HC 1 

3 C2H4CI + C JI12 — C2II4 + C&llu + UC 1 

4 CaHu + Cl 2 -> CaiuCl + Cl, etc. 

Reaction (a) is not as slow as (6), and consequently («) is the favored 
course of reaction. 

Alkanes may be chlorinated with sulfuryl chloride if a peroxide is 
present as catalyst. 182 The reaction proceeds in lh(* dark and is more 
rapid than photochlorination with chlorine gas. Introduction of a 
second substituent using benzoyl and lauroyl peroxide is comparatively 
difficult and takes place on the carbon atom farthest removed from the 
halogenated carbon, while substitution of a third chlorine is impossible 
with this reagent. Bromine is not displaced by chlorine from sulfuryl 
chloride. 

Photohalogenation of Alkanes. Alkanes may be halogenated at low 
temperatures in the presence of either sunlight or artificial light. Photo- 

180 Reycrson and Yustcr, J. Phys. Chan., 39. 1111 (1935). 

181 Stewart and Wcidunbauin, J. Am. Chcm. Soc., 57, 2030 (1935). 

182 Kharaseh and Brown, ibid., 61, 2142 (1939). 
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chlorination is a process of progressive substitution and often becomes 
explosive. 183 Polyhalogenation can be partially eliminated through the 
use of less active forms of light. The ultra-violet my does not seem to 
be the effective ray in chlorination. 184 Oxygen inhibits the chlorination 
process. 186, 186 

The chain mechanism of reaction is very well established for photo- 
ha logenat ion. The course of reaction begins with the dissociation of 
the diatomic halogen molecule to form “odd molecules’’ as a result of 
the absorption of one quantum of light by the original molecule. This 
“odd molecule” then starts the reaction which is carried on by the alter- 
nate formation and disappearance of this molecule. The chain is ter- 
minated by recombination of atoms, reaction of radicals, or a triple 
collision in which a third body, such as the wall, removes the energy. 187 
Recent investigations support a chain mechanism which involves the 
“transitory existence of a free radical ': 188 

Cl 2 2C1 

Cl* + RII-* R* *f HC1 
R- + Clt -> RC1 + Cl* 

The quantum yield decreased with length of exposure indicating an in- 
creasing prevalence of chain termination reactions. 184 The quantum 
yields for the photoehlorination of methane were of the order 10 1 mole- 
cules//ie in both ultra-violet light and light of wavelength -1358 A. 

Preparation of the Halogen Derivatives of Alkenes 

With the exception of chlorine substitution on isobutene 189 and 
trimethylethene, 190 additions have been considered the only reactions 
between alkenes and halogens until recently when it was found that, 
substitution is a type of reaction exhibited by alkenes. 

The unsaturated carbons of alkenes add halogen atoms from the 
molecular halogens, hydrogen halides, and other compounds containing 
a reactive halogen atom. Substitution complicates the addition reaction 
of halogens at elevated temperatures. Addition of hydrogen halides 
normally follows Markovnikov's rule (p. 638) that the halogen atom 

l * 3 Egloff, ffchaad, and I.owry, Chem. ICcv., 8, 1 float). 

114 Coehn and Cordes, Z. physik. Chem., B9, 1 (1930;. 

186 Deanestey, J . Am. Chem. Soc., 66, 2501 (1934). 

188 Jones and Bates, ibid., 56, 2282 (1934). 

187 Rollefson, J. Pkyn. Chem., 42, 773 (1938). 

188 Brown, Kharasrh, and Chao, J. Am. Chem. Soc., 62, 3435 (1940). 

188 Sheshukov, J. Run s. Phyn, (’hem. Soc., 16, 478 (1884). 

,M Kondakov, ibid., 17, 290 (1885). 
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goes to the unsaturated carbon atom bearing the least hydrogens. 
There are exceptions, however, and attempts have been made to explain 
abnormal orientations resulting from peroxides and solvents. 

Halogen Substitution of Alkenes. The substitution of halogen into 
alkenes compares with the halogenation of alkanes. Thermal and “in- 
duced” substitutions! are common to both. Similar mechanisms explain 
their respective courses of reaction. It is questionable, however, 
whether any of these are induced substitutions or substitutions depend- 
ing on the specific character of the alkene. Stewart and Weidenbaum 
found the pentene reaction comparable with the chlorine substitution of 
pentane as induced by an ethene-chlorine mixture . 191 

Substitution of alkenes at high temperatures is in many respects 
comparable to thermal substitution of alkanes. The presence of the 
alkene also has been shown to hinder the total chlorine substitution of 
the mixture . 192 The presence of other alkenes, especially propene, also 
inhibits substitution in ethene, while some substitution preferentially 
occurs on the saturated carbons of the alkene inhibitor. The substitu- 
tion reaction takes place exclusively above a critical temperature range 
while below this range the reaction is addition. The temperature range 
varies with each hydrocarbon . 193 

Alkene Critical Temperature Range, °C. 

2-Pentenc 125 200 

2-Butene 150-225 

Propene 200-350 

Ethene 250-350 

Bromine substitution at high temperatures is greater than that of 
chlorine; but near the lower limit of the critical range, bromine substi- 
tution scarcely occurs. This may be explained by the relatively greater 
dissociation of bromine at the elevated temperature. The temperature 
ranges of the various hydrocarbons indicate that case of substitution is 
least in hydrocarbons having two primary carbon atoms on the double 
bond; increases when the h3 r drocarbon has one secondary atom on the 
double linkage; is even greater with two secondary atoms on the double 
bond; and substitution is predominant when the hydrocarbon has an 
unsaturated tertiary atom. It appears that substitution proceeds more 
readily to yield allyl-typc products than the vinyl type. The produc- 
tion of allyl-type products falls in line with the proved greater ease of 
alkane substitution over alkene substitution. 

191 Stewart and Weidenbaum, J. Am. Chem. Soc., 58, 98 (,1936). 

1,8 Rust and Vaughan, J . Org. Chem., 5, 472 (1940). 

1,1 Groll and Hearne, hid. Eng. Chem., 31, 1530 (1939). 
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Both substitution and addition of chlorine by alkcncs at high tem- 
peratures seem to occur largely by radical chain mechanisms, but re- 
actions at surfaces and gas-phase bimolecular associations and meta- 
theses probably also enter into the total reaction. 1 * 2 Surface effects give 
some evidence of both bimolecular association and chain initiation. 
Calculations based on activation energies slightly favor chain mecha- 
nisms over bimolecular processes. 191 

Addition of Halogen to Alkenes. Addition of chlorine to alkcncs 
takes place with comparative ease. Reactivity seems to increase with 
the size of the alkone molecule. 195 A study has been made on pure ctliene 
and chlorine gases reacting at 20° in the absence of light. The reaction 
was complicated by substitution which produced trichloroethane. 196, 197 
Oxygen slowed down the total reaction rate and tended to eliminate 
substitution. 196 An induction period was observed which terminated by 
the formation of a liquid film on the wall of the reactor, and the reaction 
proceeded rapidly from this point. These observations indicate an 
autocatalytic reaction involving chain mechanism. Stewart and Smith 
postulate an activated liquid complex of diehloroethano as the inter- 
mediate which catalyzes addition. 19 * 

Normal addition has been observed on tertiary carbon atoms at the 
double bond, but the substitution reaction predominates. 199, * 00, 201 
The solvent used is an inqjortant factor in alkene reactions. 

With bromine, alkenes undergo a reaction similar to that observed 
with chlorine. The uncatalyzed addition of bromine to ethene at 10° 
in the absence of light is a surface reaction, and simple addition results 
unless bromine is present in excess so that supplementary reactions art' 
induced. Moisture accelerates this reaction probably by surface action 
rather than by effect on the reacting substances in the bulk phase. 202 

Iodine forms less stable compounds with alkenes than do the other 
halogens. In the gaseous phase, diiodocthane undergoes homogeneous 
decomposition which may lie accelerated by iodide ions. 203 * 204 The 
reaction of ethene gas witli iodine was reported probably to take place 

191 Sherman, Quirnhy, ami Sutherland, J. Ch m. l'hy*., 4, T.V* (19.10,. 

195 Mamcdalitv, Az'rhablzi A <//.'/««'"' Khoz., No. a, r.7 < IMSt [( '. A., 29, i’>2 05 

ansViii. 

m Stewart and Smith, ./. Ain. Chm. .V., 61, ‘.iOH'l (19‘J9j, 

197 liahr and Zieler, X. tw# u . ('for,,., 43, 2V,‘A < 

1M Stewart and Smith, ./. dwo Chin. Sor., 62, JMIU 
199 Burdin, Engs, droll, and Hearne, I ml. fti ,j>. rf, 31, m;i 

190 D'yakonov and '1 isehenko, J. Cm. Chm. fC.S.S.K . <, 9, )^*5s (HKMO [('.A. 34, 

710 0940;]. 

2,1 Tisr-htnko, Cm. Chm. (C.S.S.Ii, , 8 , 1 L\1‘J OlKlKj [r. . 1 ., 33, 4]<jt) ( 1 0U14 1 ] . 

292 Williams, J. Chm,. .W., 17.6S Oft’f.q. 

203 Sherman and Sun, Am. Chim. Sor., 66, 1090 0!»:i4). 

Mount y and Jkid, J. Chm. Soc. t '2f>U7 i 
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on the surface of solid iodine. 204 The velocity of this addition was much 
greater than that of the homogeneous reaction in carbon tetrachloride. 
With iodine, as was observed in the case of bromine, velocity of addition 
is enhanced by the presence of methyl groups on the unsaturated car- 
bon atoms. 206 

Addition of Hydrogen Halides to Alkenes. The alkenes add halogen 
acids in the order: HI>HBr>HCl>HF. Addition takes place more 
readily with propone than with ethene and even more readily with bu- 
tenes and higher homologs. With some exceptions which have been 
attributed to intramolecular rearrangements, properties peculiar to a 
specific compound, and effects of peroxides, solvents, and catalysts, 
orientation follows the Markovnikov rule. 

Addition of hydrogen fluoride to alkenes lias been accomplished, 
although activation energy calculations show that less energy is re- 
quired for the cleavage of the carbon-carbon bond than for the addition 
of hydrogen fluoride to ethene. 206 Grosso and Linn prepared ethyl, 
isopropyl, tort-butyl, and tort-pentyl fluorides by uncatalyzed addition 
of hydrogen fluoride to the alkone. 207 

Ethyl chloride may be formed by addition of hydrogen chloride to 
ethene at temperatures sufficiently low to avoid reversibility of equi- 
librium. It was believed that propene and hydrogen chloride did not 
react in the gaseous phase at relatively high temperatures, but with in- 
creased pressure the reaction took place. 206 The reaction rate increased 
with temperature as long as the density decrease was not relatively 
greater than the temperature increase. 209 Likewise, the rate of the 
liquid reaction increases with temperature until the density begins to 
decrease rapidly. These results have been interpreted as showing that 
the “structure 17 common to the liquid state favors high reaction rates. 
In hydrogen chloride addition to 3-methyl- 1-butene both the secondary 
and tertiary products are obtained. 210 The formation of the tertiary 
product was attributed to a rearrangement of an intermediate: 

H ® 

(CH 3 ) 2 CHCH=CH 2 > (CIlafcCIICHCHj > (CH 3 bCHCHClCH 3 

0 

j H: rearranges 

(CHj)tCCHaCII 3 — > (CH 3 ) 3 (C 2 H 6 )CC1 
© 

20l Bythell and Robertson, ibid., 179 (1938). 

201 Stin and Sze, «/. Chinese (’Item. <Soc., 6, l (1937). 

807 Grosse and Linn, J. Org. Chan., 3, 27 (1938). 

208 Sutherland and Muass, ('tin . ./. Itcmirch, 6, 48 (1931). 

,w Holder und Muass, ibid., 16B, 453 (1938). 

210 Whitmore and Johnston, J. Am. Chan. Sac., 55, 5029 (1933). 
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Addition of hydrogen bromide compares with that of hydrogen chloride. 
Compounds with equally hydrogenated unsaturated carbon atoms can- 
not be classified under Markovnikov's rule, and published data do not 
warrant sot rules of orientation. 

The more reactive hydrogen iodide forms addition compounds with 
alkenes, but the reversibility of the reaction limits success in obtaining 
good yields. 211 With the higher alkenes Tuot obtained polyiodides in- 
stead of monoiodides because hydrogen iodide dissociates more rapidly 
than it “fixes” to the hydrocarbon. 212 

Orientation is at least partially influenced by the* solvent used. In 
experiments on the addition of hydrogen bromide or iodide to propene 
and 1 -pen tone, primary halides were favored by solvents in the order 
of the relative values of internal pressure of the solvents.- 13 The order 
of positive effect is propiine>nitrobonzene>aeetie acid > water. This 
order of effect is not in agreement with the order of the dielectric con- 
stants of the substances or with the order of their respective electro- 
negativities. The presence of the highly ionized trichloroacetic acid 
increases the proportion of tertiary compound over that found in the 
reaction without solvent or with the comparatively weak acetic 
acid. 214 

Catalytic Addition of Halogens and Hydrogen Halides to Alkenes. 

Addition of halogens and haloge n acids to alkenes is catalyzed by metals, 
metallic salts, and certain organic compounds. Most of these catalysts 
accelerate the normal addition defined by Markovnikov’s rule. Abnor- 
mal addition, however, is catalyzed by a few metals. 

The chlorination of ethene occurred in an iron reactor but not in a 
lead reactor under the same conditions. 214 Tetraethyllead accelerates 
addition, but its effectiveness on addition disapjiears at elevated tem- 
peratures where substitution sets in. 192 Calcium halides promote addi- 
tion and minimize substitution of alkenes. 193, 2,6 Quinoline and hydro- 
gen bromide also catalyze addition. 217 

Since alkyl chlorides undergo thermal decomposition to olefins and 
hydrogen chloride, the use of a catalyst which will facilitate prepara- 
tion below the decomposition temperature is desirable. Compounds 
containing a tertiary unsaturated carbon atom react at - SO 0 without a 




212 Tuot, Cnw/Jt. rend., 200 . 14 IK < 
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catalyst. 218 ’ 219 ■ 220 Aluminum chloride brought about reaction between 
alkones containing — C=C — groupings and dry hydrogen chloride at 

i I 

II H 

— 78°. Ferric, 221, 222 stannous, 223 stannic, mercuric, 221 nickel, aluminum, 
and calcium chlorides on silica gel acted as satisfactory catalysts. Addi- 
tion of hydrogen chloride and bromide to ethene is accelerated by the 
corresponding anhydrous bismuth halide. 2 - 4 

Certain metals catalyze “abnormal addition,” the bromine atom 
from hydrogen bromide adding to the more highly hydrogenated un- 
saturated carbon. 226 , 226 , 227 

In order to catalyze abnormal addition, it appears that on reaction 
with anhydrous hydrogen bromide the metal must form a metal bro- 
mide which is neither a strong accelerator of normal addition nor a 
powerful inhibitor of abnormal addition. 226 The mechanism seems to be 
similar to that of the peroxide-catalyzed abnormal addition and involves 
the following steps : 

HBr + Fe — > BrFc* + H- 
HBr + II • -» H 2 + Br- 
H 2 G=CH— CH 3 + Br- RrH 2 C — CH — CH 3 

BrllaC— CH— CH, + HBr -> BrII 2 C- -CH 2 CH 3 + Br- 
in the presence of peroxides, a liquid phase reaction mixture of 
hydrogen bromide and 1-alkene produces considerable quantities of 
1-bromoalkane while the same mixture without (leroxides yields a pre- 
dominance of 2-bromoalkane. The latter isomer is predicted by Markov- 
nikov’s rule and is designated as the “normal” product. Some solvents 
seem to direct the bromine atom to the abnormal position in the absence 
of peroxides, but others inhibit abnormal orientation even in the pres- 
ence of peroxides. Peroxides accelerate the rate of normal addition of 
hydrogen iodide, 228 but have no effect on the speed of addition of hydro- 

218 Leondurtse, lire. fmr. efiim 57, 795 (19&S). 

118 Lee in |p rt sc* , Tulloiiers, and Waterman, ibid., 52, .515 (1933). 

220 i-rocndortse, Tulleners, and Waterman, ibid., 53, 715 (1934). 

221 Brouwer and Wibaut, ibid., 53, 1001 (1934). 

222 Kluirusch, Kleiper, and Mayo, J. Orq. Chew., 4, 42S (1939). 

221 Petrov and Milovanova, Acta Unit. Vuronegicnsia, 9, No. 3, 145 (1937) [0. .4,, 32 
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gen chloride." 2, 229 Hydrogen iodide inhibits abnormal addition even 
in the reaction of hydrogen bromide in the presence of peroxides. 230 
Hydrogen fluoride and hydrogen chloride undergo endothermic reac- 
tions which will not support the rapid, long-chain reactions necessary 
for abnormal addition. 231 Although the role of the peroxide has not 
been definitely established, it seems almost certain that abnormal addi- 
tion proceeds by a rapid chain reaction. 

The amount of peroxide catalyst is related to the composition of 
products. The yield of abnormal product from 2-isopen tone increased 
from about 77 to 92 per cent with an increase oj ascaridole from 0.002 
molar to 0.02 molar. 232 Solvents influence the reaction considerably. 
In the absence of peroxides, abnormal hydrogen bromide addition to 
l-pentene and t-heptene proceeded in the presence of glacial acetic 
acid, heptane, or carbon tetrachloride, but aqueous hydrogen bromide 
gave the normal product. 233 Kharaseh, however, disputed this work 
since he obtained the normal product of l-pentene in the presence of 
glacial acetic acid or propionic acid under antioxidant conditions. 234 
The solvents affected the velocity of the addition but had no directive 
influence. Appreciable quantities of the abnormal products were ob- 
tained in the presence of peroxides with ether at —78°, with acetic acid 
at 0°, and with small amounts of methanol or ethanol at ft 0 . 232 

The results of peroxide-catalyzed as well as metal-catalyzed abnor- 
mal addition reactions support chain reactions." 6, " 7 Formation of 
abnormal isomers through rearrangement does not explain the effect 
since addition of peroxides to normal isomers does not bring about re- 
arrangement. 235 Michael and Weiner offer an interpretation of solvent 
action involving reversed relative electronegativity of the carbon 
atoms. 232 Smith postulates a chain mechanism but disagrees with 
Kharaseh on the hypothesis that bromine atoms propagate the reac- 
tion. 236 According to Kharaseh, normal addition occurs through a chain 
mechanism involving polar ions and molecules while abnormal addition 
proceeds through a bromine atom chain mechanism. The proposed 
role of the peroxide and of chain propagation in abnormal addition is 
shown in the following example: 237 

115 Smith, Chniaxtry & Indurttu, MW fl!M7 

530 Kharaseh, Norton, and Mayo, J. Am. ('him. S<>r., 62. Si (1940;. 

231 Mayo and Walling, ('hint. /tVr., 27, 351 (1940,. 

232 Mirhatl and WYim-r, J . Org. ( him,, 4, 531 ( 193(0. 

a “>hmill. Mayor, and Walt I ict, Am. ('him. ,SV.. 66, 920 

234 Khara.soh, Uinokloy, and Glad.-tono, thirl., 56, 1042 (1‘KM;. 

nb Khara^h and Ilinr-kloy, ihiiL. 66, 121‘j f|934j. 

23C Smith, ( hvmiatry Industry, 401 (1 U'.ik). 

237 Khara.-.c:h, Enroll in arm, and Mayo, J. (hf>. Chrm., 2 , 2H8 (I!KJ7;. 
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H:Br: + O 2 (or peroxide) — * H:0:0* 4* *Br: 

H H H H II H 

II:C:C:C:H + -Br: -> H:C:C:C:H 

ii ii :Br: 

II H H II H H 

II:C:C:C:H + II: lir: -> II:C:C:C:H -f -Br: 

ii :Br: " iiii:Br: 

The inhibitory effect of antioxidants is probably caused by their effi- 
ciency as chain breakers. 2 '-* 

Photohalogenation of Alkenes. Light accelerates addition of halo- 
gens and halogen acids to alkencs. It seems to have no orienting in- 
fluence on hydrogen halide addition to the double bond and catalyzes 
both normal and abnormal reactions. 238 Photohalogenation is important 
since it makes possible a study of chain mechanisms of halogenation. 

The reaction rate seems to be proportional to light intensity and also 
to the concentrations of both reactants. 239 The velocity of photoiodi- 
nation of 2-pcntcne is proportional to the square root of the intensity 
of radiation absorbed. 210 

Experimental evidence indicates that photoaddition reactions are of 
considerable chain length. 241 Chain initiation is probably brought about 
through the production of a halogen atom by a quantum of light with 
propagation through a halogen atom or free radical. The chain-break- 
ing reaction differs with single cases. Kinetic studios offered no basis 
for chain propagation through triatomic halogens as postulated by 
Rollefson. 242 

Preparation of Halogen Derivatives of Alkadienes 

Halogens and alkadienes form dihaloalkonos which may be isolated 
under certain conditions and which undergo further halogenation to 
produce letrahaloalkanes. The halogen acids yield corresponding halo- 
alkenes and dihaloalkanes. 1,4-Addition products often occur with 
conjugated unsaturated systems. 

The reaction of gaseous butadiene and bromine is essentially a sur- 

IM Kharasch ami Mayo, J . Am. CAcw. Soc., 55, 2468 (1933). 

is ® Forbes ami Nelson, ilnd., 59, 693 (1937). 

240 Ghosh and Iiliattaoharyyu, Science and Culture, 3, 120 (1937) [C. .4., 32, 414 (1938)1 

141 Schumacher, Angctr. Chem., 49, 613 (1936). 

* 4 * Boohur ami Hollefson, J • Am. Chem, Soc,, 06, 2288 (1934). 
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face reaction. 243 ' 244 ’ 245 Since coating of the surface with paraffin has 
little effect on the reaction, it occurs at the surface of the reaction film 
rather than of the container. 245 This phenomenon is further evidenced 
by the fact that the rate increases until the walls arc covered by a uni- 
molecular layer of reactants and then becomes constant. Experimental 
data indicate a chain reaction initiated at a wall and broken by oxygen. 243 

Reaction of 2-methy 1-1, 3-butadiene with chlorine in carbon tetra- 
chloride yielded the 1, 4-compound predominantly as addition product 
and an appreciable Quantity of l-chloro-2-niethyl-l,3-butadioiie which 
indicates a substitution reaction. 246 

The reaction of butadiene with chlorine in carbon disulfide yielded 
twice as much 1.2-addition product as 1, 4-product. 247 The following 
course was postulated for formation of tin* two dichloro compounds! v4S 

CIIj=CH— CH— CII- C ' ! > CHj— CH— CH=('H« «■" CII* <’11=01 — CII* 

I I + 

Cl Cl 

1 1 

CII«— CH- CH=CH* ClI,-CH=Ctt-CIIs 

I ! I I 

Cl Cl Cl Cl 


A suggestion that rearrangement to the 1,4-eompound follows formation 
of the 1,2-isomer falls in lint* with the relative difficulty in breaking the 
carbon-bromine linkage and the fact that greater proportions of 1,4- 
compound are found in the bromine than in the chlorine reaction. 

3-Bromo-l-butene was reported as the product from a reaction car- 
ried out under extreme antioxidant conditions. 249 This product is evi- 
dence of an initial 1,2-addition. Peroxide addition to a mixture of 
isomers favored rearrangement of the 1,2-isomer to the 1,4-eompound. 

Sulfur chloride and 2,3-dimothyllmtadiene in the presence of stannic 
chloride form a cyclic compound, 3,4-diehloro-3,4-dimcthyl-2,f)-dihy- 
drothiophene. 250 

Cl Cl 

I I 

H 3 C— C — C— CHs+SCU -*■ CHa-C ('-CH, 

II I! II 

H,C CII* HjC CH, 


24J Heini(t, ibid., 88, 1005 (1030). 

144 Heisig and Davis, ibid., 56, 1207 (1933). 

24S 1 1 ei i k and Wilson, ibid., 57, S50 (1035). 

248 Jones and Williams, ./. Chun. ,W. t K29 (1031;. 

2,7 Farmer, Lawrence, and Scott. 510 (1030;. 
u% Muskat and Northrup, J. Am. Cfa-m. S or., 52, 4043 M 030). 
!,s Klinni'fh, Margolin, and Mayo, ./. Or;;, rfum.. 1. 3<l3 1030j. 
2jl> Hacker and Straling. for. Irav. eftim.. 54 JV.' H'lXf.i 
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With butadiene, however, tetraehlorobutane was the product rather 
than a cyclic sulfur compound. 

Preparation of the Halogen Derivatives of Alkenynes 

Compounds containing both double and triple carbon-carbon bonds 
undergo substitution by, and addition of, halogen atoms. 

The triply bonded carbon substitutes a bromine or chlorine atom 
for hydrogen on reaction with the corresponding alkaline hypohalite 
solution and an iodine atom from a solution of iodine in potassium 
iodide. 251 ’" 52 Relative yields obtained were bromo > iodo > ehloro. In 
ammonia which removes the hydrogen iodide produced, reaction with 
iodine yields a substitution product as follows: 253 ■ 254 ’ 255 ’ 256 

I!sC=CH— GsCII + I 2 + Ml* II a C=ClI-CsCI + XHJ 

1,4-Addition seems to occur with conjugated alkenynes. The first 
step in hydrogen chloride addition to but-l-en-3-yne is 1,4-addition. 
Although the final product is 2-chloro-l, 3-butadiene, the 4-chloro-l,2- 
butadiene intermediate was isolated. 257 With excess hydrogen chloride, 
2,4-dichloro-2-butene also forms. Cupric chloride, calcium chloride, and 
other salts seemed to increase greatly the rate of isomerization to the, 
2-chloro-l, 3-butadiene. From aqueous hydrogen bromide reactions, 
only 2-bromo-l, 3-butadiene and 2,4-dibromo-2-butene were isolated. 258 
This reaction was much faster than the hydrogen chloride reaction, how- 
ever, and it is highly probable that the true course was a 1,4-addition 
followed by rearrangement. 

Preparation of the Halogen Derivatives of Alkynes 

Alkvnes react willi halogen by both substitution and addition. The 
substitution reactions occur under limited conditions and produce ex- 
plosive compounds. Halogens, hydrogen halides, and acetyl halides are 
added to the triple bond. Haloalkenes from hydrogen halides and 
dihaloalkenes from halogens are isolated as the primary addition prod- 
ucts in some reactions while further halogenation occurs in others with 
formation of only dihaloalkanes and tetrahaloalkanes. Halogen addi- 

551 Jacobsen and ('a rot hers, J. -1/a. ('hem . Soc., 55, 460/ (1933). 

2SI Klebunskii. Volkenshtem, and Orlova, J. lien. Chnn. (I'.S.S.R.), 5, 1255 (1935) 
[C. A., 30, 1025 (193011. 

263 Vaughn and Nicmvland, J. Am. Chem. Soc., 54, 787 (1932). 

264 Vaughn and Nicmvland, ibid., 55, 2150 (1933). 

Vaughn and Nicmvland, J. Chew. Hue., 741 (19:43). 

jm Vaughn and Nicmvland, J. Am, Chetn. 5 or.., 56, 120< (1934). 

257 Carothers, Derelict, and Collins, ibid., 54, 4000 (1932); Carothers and Berchet, 
ibid., 55. 2807 (1933). 

268 Carothers, Collins, and Kirby, ibid., 55, 786 (193:)). 
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tion may be catalyzed by light, peroxides, metals, or metallic salts. 
The presence of peroxides has an effect similar to that observed with 
alkenes. Photohalogenations give evidence of chain reactions following 
courses similar to those postulated for alkanes and alkenes. 

Alkynes substitute halogen atoms upon reaction with alkaline hypo- 
halites. Iodine substitution may also be accomplished by use of iodine 
in liquid ammonia. An alkaline solution is necessary for substitution 
since addition occurs in acid solution with ultimate formation of a com- 
pound, RC — CHX 2 . 259 The substitution reaction is carried out in an 

0 

ice bath in the absence of light and air.-* 0 

Addition of halogens to alkynes in the presence of light is similar 1o 
the photoha logena tion of alkenes. In the alkvne reaction, the simple 
addition product, a dihaloalkene, may he isolated, but tetrahaloalkanes 
form readily. Photochlorinations and photobrominations have been 
used to facilitate the study of chain mechanisms of reaction. A two- 
step reaction was postulated for the photochlorination of ethyne: 261 

hc=ch + ci 2 - > niic-ain 
chic— chci 4- n 2 — ci 2 iic- nia 2 


An induction period and inhibition l»y oxygen were observed, and these 
effects indicate a chain reaction. High quantum yields denote a chain 
reaction of considerable length in photobromination. Muller and Schu- 
macher found a yield of 1 X 10 1 molecules fu from reaction at tK)°, 200 
mm. total pressure.-''- The reaction theories involve bromine atoms, free 
radicals, and chain breaking by the disappear. 'Hire of bromine at the 
wall. The proposed courses are: 


I. (1) Br 2 + hr = 2Br 42 

(2) Br + Br 2 = Br 3 

('•)) Br 2 -f C 2 II 2 = Callslira 
(A) C*H 2 Br a = C-AWr + Br 2 
foj C 2 II 2 Br + Iir 2 - C 2 II 2 Br 2 + Br 
(Oj CJItBr = C 2 II 2 + Br 
(7 ) Br^ Wall = ;‘ 2 Br 2 


II. (I, Br 2 4 hr = Br + Br* 3 
(2, Hr \ <’ 2 H 2 - (VliBr 
Cil r 2 Il 2 4- Br 

f4' ( jH 2 Br t lir 2 C 2 H 2 Br 2 4 Br 
{<>) Br I Wall ' 2 Br 2 . 


(t f ) C 2 II 2 Br 3 4- Wall = C 2 II 2 4- : ! 2 Br 2 or C 2 n 2 Br 2 4 bjBrj 


144 Straus, Kollek, and Heyn, Her., 63, ISOS iltMli. 

;f,fJ Straus, Knllok, and Hauptmann, Jirr., 63, lXSr, fiMOi. 

?l,! Utters ami Neumann, dnj?ew. (’hem., 45, L!fi| f 

v ‘ 2 Muller ami Srhuimudii-r, Z. fihj/ml;. f'hm., B39, 3. r >'J fHWK/. 

K3 I-'ranku and Srhuinar-hcr, W., B34, 1H1 UiMlj. 
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The halogens are added to alkynes in the presence of metals and 
metallic salts. The reaction of chlorine and ethyne is explosive if not 
modified in some way, and metallic catalysts offer a suitable means of 
effecting such control. One successful method of modification involved 
the use of antimony pentachloride in place of chlorine as halogenating 
agent. 264 The reaction using chlorine as halogen-containing agent may 
be modified by catalysts. Aluminum, iron, or an alloy of aluminum, 
silica, and iron was successfully used in the preparation of tetrachloro- 
ethane. 266 

In hydrogen bromide addition, the same effect of peroxide catalysis 
observed in the case of alkenes persists with alkynes. In the presence 
of peroxides, propyno added hydrogen bromide to form 1,2-dibromopro- 
pane, whereas under antioxidant conditions or without added peroxides 
the product was 2,2-dibromopropane. 266 

Metals and metallic salts catalyze the addition of hydrogen halides 
to alkynes. Addition of hydrogen chloride to ethyne in the gaseous 
phase seems to occur only in the presence of metallic chlorides. 267 Bis- 
muth chloride and mercuric chloride accelerate this reaction. 267 * 268 
Tetraehloroethane was produced in good yield when iron, iron oxides, 
or antimony pentachloride was used. 269 Cupric chloride in combination 
with ammonium chloride has also been used as catalyst but the results 
were comparatively poor. 270 

Mercuric bromide, antimony bromide, or ferric bromide on asbestos, 
and ferric bromide or bismuth bromide on pumice were used as catalysts 
in hydrogen bromide addition to ethyne. 271 Ferric bromide on pumice 
and mercuric or antimony bromide on asbestos were effective. Cupric 
chloride with ammonium chloride or the corresponding bromides also 
acted as catalysts. 272 


VII. NITRATION OF ALIPHATIC HYDROCARBONS 

Nitration of aliphatics during the past five years has emerged from 
the status of purely laboratory ehemistrj r to become an industry of 

244 Langguth, Chirnic it Industrie, 25, 22 (1931). 

116 Fukagawa, Proc. World Eng. Congr. Tokyo, 31, 3S7 (1929) [C. A., 25, 5060 (1931)]. 
164 Kharaseh, MrNab, ami McNab, J. Am. Chem. S»c 57, 2403 (1935). 

2<7 Wibaut ami Van Dnlfaon, Rec. trav. chim., 51, 630 (1932). 

268 Van Dulfsen ami Wibaut, ibid., 53, 4S9 (1934). 

m Valinwliko and Kosenko, Vkrain. Chem. J„ 7, 12 (1932) [Brit. Chem. Abstracts, 
(.4)47 (1933)]. 

170 Arutyunyan and Marutyan. Caoutchouc and Rubber ( U.S.S.R. ), No. 2, 36 (1937) 
[C. A., 31, 0189 (1937)]. 

171 Wibaut, Kec. trav. chim., 50, 313 (1931). 

172 Kozlov, J. Allied Chem. (C.S.S.H.), 10, 116 (1937) [C. A„ 31, 4263 (1937)]. 
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national importance, providing new explosives, emulsifying agents, and 
solvents. Hass and co-workers opened this field when they demonstrated 
that the reaction of nitric acid with ethane, propane, the butanes, and 
the pentanes was clear cut and the nitration products were nitro- 
methanes, nitroethanes, and higher nitroparaffins. 

Of the aliphatic hydrocarbons l lie alkanes are the most difficult to 
nitrate. The lower alkanes presented the greatest problem, which has 
been solved by the use of vapor-phase nitration. In general the order 
of nitration is: primary < secondary < tertiary, although high tem- 
peratures increase the yield of primary at the expense of the secondary 
and tertiary. Superatmospheric pressure increases the rate of reaction. 
Mono- and dinitro compounds are the principal products from alkanes, 
and the mononitro compounds arc l>cst produced in vapor phase with 
nitric acid. Kit her the nitric or nitrosulfuric acid liquid-phase reactions 
or the nitrogen tetroxide vapor-phase reaction produces a mixture of 
mono- and dinitro products. In the liquid phase the formation of the 
mononitro compound is promoted by the use of a dilute acid. 

Nitroso, nitro, nitrite, and nitrate groups add to alkenes in various 
combinations. The course of the reaction with nitrogen oxides seems 
to be affected by the relative polarities of the unsaturated carbon 
atoms. Substitution products have been found, but they may lx* formed 
by addition followed by the splitting out of a simple molecule. The 
mechanism of the reaction with alkenes is addition to the double bond 
of the two component parts of the reagent, either with or without sub- 
sequent oxidation. Complex alicyclic products containing nitrogen in 
the ring are formed from alkyries. 

Nitration of Alkanes 

Vapor Phase with Nitric Acid. In vapor-phase nitration of alkanes 
by nitric acid, a homogeneous gas-phase reaction occurs 273 which is pre- 
sumably of second order. 274 Oxidation is the chief reaction competing 
with nitration. 

Vapor-phase nitration has been utilized, especially for the lower 
alkanes, since those having fewer than five carbon atoms have critical 
temperatures below tint temperatures at which sufficiently rapid nitra- 
tion occurs. 274 Mononitroalkanes can be produced by vapor-phase ni- 
tration practically to tin* exclusion of rliuil.ro and more highly nit rat ed 
compounds by means of short contact time. In the nitration of pen- 
tane at 4(K)°, all theoretically possible mononitro compounds which 

273 Hib-hruan, Piirrson, awl Hawt, fnd. Eng, Chan., 32, i'J,7 (1940). 

274 Hass, Iloil^e, and Vanderbilt, if, id., 28. 339 f 1930). 
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could result from fission of a C — H or O — C bond were formed. 275 Al- 
though the presence of free radicals was not actually established, the 
data are highly indicative of a free-radical mechanism. 

Although the ease of replacement of a hydrogen atom by a nitro 
group follows the scheme: tertiary > secondary > primary, the ratio of 
the various nitro compounds formed can be partly controlled by tem- 
perature and pressure variations. As the temperature rises the yield of 
primary derivatives increases, and that of the secondary and tertiary 
decreases. 274 The variation’ in yield may be due to a change in the relar 
tive reaction rates of primary and secondary carbon atoms with in- 
creased temperature. 276 The reaction may be less selective and the 
primary compound more stable at the higher temperature. 274 

In all cases tried, McClcary and Degering found, besides the nitro 
products, all the alkenes predicted by the free-radical theory of Rice 
for thermal decomposition of alkanes. 276, 277 The expected variation of 
the quantity of alkenes and nitro products with change in concentration 
of the nitric acid was likewise obtained. 276 The mononit.ro compounds 
accounted for by a free-radical mechanism were found by other investi- 
gators. 274 MeCleary and Degering have suggested the following mecha- 
nism to account for all the products of vapor-phase nitration: 

RH + reactive fragment or oxidizing agent — > R + ? 

then 

It + IIOXO 2 -> ItX0 2 + HO 
and 

RII + HO — ► R + H 2 0, etc. 

R olefin + It' (where R' is a free radical of lower molecular weight than R ) 
R' + HONO 2 -» lt'X0 2 + HO, etc. 

IV + RH -> llTI + R 

RTI +110 — » R' + II 2 0 
It + R' — > RR' 

The paraffin may also be oxidized to carbon dioxide and water or to 
some oxidized intermediate. 

Vapor Phase with Nitrogen Tetroxide. Vapor-phase nitrations have 
been carried out with nitrogen tetroxide on alkanes from methane to 
nonane, with the exception of ethane and butane. The optimum tem- 
perature w T as about 200 °. 278 

276 Hass and Patterson, j’Wrf., 30. 07 (193S). 

27# McClcary and Degering, ifnd., 30, 64 (193S). 

277 Rice. J. Am. Chan, Soc., 63, 1959 (1931). 

272 Urbanski anti Sion, J7* Congr. Mondial P dr ole, 2, Sect. 2, Phys. Chem. raffinage, 
1G3 (1937). 
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Liquid Phase with Nitric Acid and Nitric-Sulfuric Acid Mixtures. 

Nitration in the liquid phase, although unsuitable for lower hnmologs, 
has been applied to alkanes of five or more carbon atoms using nitric 
acid or mixtures of nitric and sulfuric acids. Increased concentration 
of acid increases both oxidation and nitration and produces a relatively 
greater amount of di- and polynitro derivatives. More elevated tem- 
peratures and longer time factors produce higher yields of the dinit ro 
product . 279 Branched-chain compounds containing tertiary carbon 
atoms are more readily nit rail'd than the normal compounds, but a 
quaternary hydrocarbon compares with the normal series in lack of re- 
activity to nitric acid . 280 

A mixture of nitric and sulfuric acids has frequently been used for 
nitration. The sulfuric acid has been regarded merely as an agent to 
remove the water formed by the nitration reaction. The action of the 
mixture, however, is quite different from that of concentrated nitric 
acid. Markovnikov obtained evidence that such a mixture contains 
/OH 

nitrosulfuric acid, , which is the active agent . 281 Volatile 

NjxOo 

alkanes have been distilled over nitric-sulfuric acid mixtures without 
undergoing much reaction, although higher-hoi ling normal alkanes re- 
acted near their boiling points . 282, 283 The acid mixture had little action 
on tertiary hydrocarbons a few degrees above zero in contrast to the 
action of nitric acid . 283 

In liquid-phase as in vapor-phase nitration of the lower alkanes, the 
branched-ehain alkanes are more reactive than tin* normal compounds. 
Isopentane, isohexane, and isoheptane with nitric acid produce trinitro 
compounds . 284, 285 Alkanes of the type RgCIK.'HKz (where II is any 
normal alkyl group) react readily with fuming acid . 283 Higher tempera- 
tures are necessary when a more dilute arid is used . 28 -’ 286 A slight varia- 
tion in pressure has no effort . 279 Increased concentration of arid muses 
decreased production of tertiary derivatives and increased production of 

iT ® Konovalov, Rut*. Phytt. ("hem. Soc., 31, 57 (1899); ./. ('linn. Sue., 76, [1] 844 
(1899) [Chem. Zentr., 70, I, 1093 (1899;]. 

285 Markovnikov, J. Rum. Phyx. Chan. Sac., 31. 523 (1S99J [Chan. Zaitr., 70. 11, 473 
flS99;]. 

281 Markovnikov, J. prakt. Chart., [2] 59, .659 ( 1 899) . 
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Markovnikov, Her., 32, 1441 (1899). 
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28S Franri.s and Youiik, J. Chan. 73, 928 (IS9Sj. 

288 Markovnikov, J. Rum. Phys. Chan. Sac., 31, 47 (IMMj [Omni. Zrntr., 70 1, lOtVl 
(1899)1. 



THE REACTIONS OF ALIPHATIC HYDROCARBONS 


51 


secondary and especially primary derivatives. 287 The primary deriva- 
tive was practically the only nitro product formed in some cases from 
the concentrated nitric acid. 

The mechanism of nitration apparently involves removal of hydro- 
gen as an atom rather than as a proton or negative ion. 288 The acceptor- 
donor inversion mechanism seems most plausible since it is supported 
by the greater substitutive reactivity of tertiary carbon atoms, the elec- 
tron repulsion of tertiary groups, and the absence of rearrangement. 

Catalytic Nitration of Alkanes. Alkanes react with nitric oxide at 
high temperatures in the presence of a catalyst. 289 Methane reacted with 
nitric oxide in the presence of a catalyst to give hydrocyanic acid. 290 The 
reaction began around 900°, and the yield increased with temperature. 

Nitration of Alkenes 

Nitric Acid. Concentrated or fuming nitric acid reacts with alkenes 
to form both nitration and oxidation products such as nitroalkanes, 
nitroalkenes, and nitro-nitric esters. Low temperatures and dilution 
with an inert solvent reduce secondary reactions by inhibiting oxidation 
and formation of nitrous reagents. 291 

Wieland postulated a mechanism for the action of nitric acid on 
alkenes. 29 -’ 293 He assumed that it adds not as an electrolyte, but as 
HO — NO 2 . The production of 2-methyl-3-nitro-2-butene and the nitric 
ester of 2-mcthyl-3-nitrobutan-2-ol from 2-methy 1-2-butene was evidence 
of the addition as HO — NO 2 . 

Other evidence supporting the addition of nitric acid as HO — NO 2 
is the isolation of 2-iiitroethan-l-ol as a reaction product from the pas- 
sage of ethene into fuming nitric acid. 294 

CH**CII* -* Cll 2 (01i)Cll 2 (X0 2 ) -> CIi 2 (X0 2 )CH0 
-> CIIj(XOa)COjII — * CTI 3 XO 2 -* CH(X0 2 )=X0H 
CH 2 (XO |) 2 -> C(X0 2 )2=X0II -» CH(X0 2 ) 3 

The work of Michael and Carlson, however, indicates that nitric acid 
adds as H— -0N0 2 rather than as HO— X0 2 . 291 Nitration has been 

287 Konovalov, J. iiwNS. Vhys. Chan. Sac., 38, I, 109, 124 (190G); J. Chem. Soc., 92, 
[1] 1 (1907) [Chan. Zvntr., 78, l, 400 (1907)]. 

588 Stevens and Sehiessler, J . Am. Chem. Soc., 62, 2SS5 (1940). 

288 Platonov and Shaikind, J. Gen. Chem. ( U.S.S.R. ), 4, 434 (1934) [C. A., 29, 17G9 
(1935)]. 

190 Elod and Ncdelmann, Z. Elektrochcm.. 33. 217 (1927). 

291 Michael and Carlson, J. Am. C)icm. Soc.. 67, 1268 (1935). 

!9J Wieland and Hahn, Her., 64, 1770 (1921). 

*** Wieland and SakeUarios, Ber., 53, 201 0920), 

294 McKie, J. Chem . Soc., 9G2 (1927). 
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accomplished indirectly in various cases by nitrous gases formed from 
oxidative side reactions. A mechanism involving addition of nitrogen 
tetroxide to the double bond as the first step has been offered to account 
for some of Wieland's products. The formation of the nitric ester of 
2-nitroethan-l-ol from ethene, already cited, was accomplished by a 
mixture of nitric and sulfuric acids rather than by nitric acid. 293 The 
reactive agent in such a mixture, the mixed anhydride HOSO 2 ONO 2 
instead of nitric acid, 29 ' 2 should lead to the formation of the sulfuric ester 
of 2-nitroethan-l-ol, and the nitro-nitrie ester would result from the 
nitric ester radical replacement of the less negative sulfuric ester group. 

Nitrogen Oxides. Addition of nitrogen oxides is not always pre- 
dictable because of the ability of the oxide molecule to rupture at differ- 
ent points, and the capacity of the oxides to function as polymerizing 
and oxidizing agents. Since nitroso, nitro, nitrite, and nitrate groups 
may result from nitrogen oxides, a number of combinations is possible. 
The type of product appears to be partly determined by the relative 
polarities of the unsaturated carbons. 295 The addition of nitrogen oxides 
to alkenes is complex because of the diverse capacities in which these 
oxides can function. A prediction of the products might be expected by 
consideration of the relative polarities of the unsaturated carbons and 
of the groups which arise from the intramolecular scission of the oxide. 

The products identified from 2-mrthy 1-2-1 mteno and pure nitrogen 
tetroxide were the dimeric nitroso-nitric ester, the dinitro compound, 
and a nitroalkone. 298, 296 The course of the reaction depends mostly on 
the polarities of the unsaturated carbon atoms and very little on the pro- 
portions in which the components are present in the equilibrium: 298 

2N0 2 <=* 0 2 X— 0X0. 

Alkenes of the formula RRT’^CIIR/* and RR/C=( , R/ , R/ ,/ reacted 
readily to form nitrosyl chloride; addition products, but those of the type 
RCH=CHR/ reacted in this manner only with difficulty. 297 The types 
having a hydrogen atom on one or more of the unsat united carbons can 
form the oximes, RCHClCf—XOIIjR' or RH'CC1C(-XUII)R", by 
migration of a hydrogen atom. 

Catalytic Nitration of Alkenes. Nitric oxide* reacts with ethene at 
high temperature in the presence of a catalyst to produce hvdroeyanie 
acid, ammonia, and products of decomposition, oxidation, and polymer- 
ization. 290 A mixture of alumina and quartz was the most effective 
catalyst. Yields of hydrocyanic acid increase with the proportion of 
ethene in the mixture and with the reaction temperature to 1000°, at 

195 Michael and Carlson, J. Am. Chan. Hoc., 69 , Hi'.i ( 10S7;. 

l# ® Michael and Carlson, J. Or*. Chnn., 4, 100 fl&iUj. 

197 Tuot, Com jft. raid., 204 , 007 (10.17;. 
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which point both decomposition and polymerization of the ethene take 
place rapidly. The initial step in the production of hydrocyanic acid is 
probably the formation of ammonia by the reduction of nitric oxide. 
The ammonia then reacts on ethene or one of the unsaturated intermedi- 
ate products of the decomposition of ethene to produce hydrocyanic 
acid. 

Electrochemical Nitration of Alkenes. Alkenes can be nitrated 
electrolytieally . 298 Electrolysis of acetone solutions of nitrates or nitric 
acid and ethene resulted in the addition of nitrate and condensation. 
Increase in current- density favors ester formation since this increase 
causes higher concentration of nitrate. Ester formation is favored by 
anode material which gives a higher overvoltage; and by dilution of the 
ethene with an inert gas. 


Nitration of Alkynes 

The nitration of ethyne yields complex nitrogenous compounds in 
addition to trinitromethane. Oxidation also takes place, and the prod- 
ucts undergo secondary reactions . 299 Fuming nitric acid and nitric- 
sulfuric acid mixtures are list'd as reagents. 

As catalysts, chloroplatinic acid and the nitrates of silver, uranium, 
and copper were ineffective in increasing the \’ield of trinitromethane, 
but mercuric nitrate was effective . 1500 Chloroplatinic acid and silver and 
uranium nitrates favored oxidation. 

McKie accounts for the production of trinitromethane by the follow- 
ing reaction : 234 


(TI— OH -•> OlKOH)-CH(NOo) [CH(0in 2 -CH(X0 2 ) 2 ] 

-» 01 1 (Mb)"— CHO -> CIKMbV- CO a U -> CH 2 (X0 2 ) 2 + C0 2 

0I1 2 (N() 2 )2 - 11Nn2 > CXNOaJtf-NOH CH(NO*) a 

The latter part of this mechanism may be instead: :<0 ° 

CH(NOj)*— C0.1I > C(NOj)a— C0.1I -* CII(XQj), + C0 2 

Complex products from the passage of ethyne into cold fuming nitric 
acid have been identified and each contains one or more isoxazolo nuclei. 
These products arc a-isoxazolecarboxylic acid, a,/?'-diisoxazolyl ketone, 

rjK Glinmn, 'A. Elrktwchcm., 43, S62 (193f>). 

288 Quilieo and Frcri, Cazz. chim . ital., 59, 930 (1029). 

300 Orton and McKie, J. Chon. Hoc., 117, 2S3 (1920). 
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a-isoxazoleazotrinitromethane, and a small quantity of a,a'-diisoxazolyl- 
furoxan. 299 ' 301t 3021 303 ’ 304 
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I\thyne reacts also with nitric oxide at high temperatures in the 
presence of a catalyst to produce hydrocyanic acid. A slightly higher 
yield was obtained than from ethene under the* same conditions, but 
more polymerization products and formaldehyde were obtained. 


VIII. OXIDATION OF ALIPHATIC HYDROCARBONS 

The oxidation of aliphatic hydrocarbons has been widely studied 
in order to establish an adequate reaction mechanism. Four theories of 
oxidation reactions exist: hydroxylation, peroxidation, aldehyde degra- 
dation, and activation of molecules. Chain propagation is agreed upon 
in all theories. Oxidation reactions are characterized by induction 
periods and are sensitized by the addition of intermediate oxidation 
products. An excess of oxygen has an inhibitory effect on the oxidation 
of both saturated and unsaturated aliphaties. Alkane oxidations occur 
at lower temperatures than are necessary for alkenc-oxygen reactions. 
Hydrocarbon-oxygen reaction rates an* increased by increasing the pres- 
sure, although alkanes arc* more affected by pressure changes than al- 
kenes. The rate of reaction increases with length of the hydrocarbon 
chain and is greater for straight -chain compounds than for branched- 
chain isomers. 

Both saturated and unsaturated aliphaties have been oxidized in the 
presence of nitrogen oxides, metals, and metallic oxides. Partial oxida- 
tion of aliphaties has Ijoen carried out with such compounds as ozone, 
metallic oxides, acids, and hydrogen peroxide. Alkenc and alkyne hy- 
drations have been carried out with acids, salts, and metallic oxide 
catalysts. 

5C1 Quiliro and Frcri, (imz. chivi. Hal., 60, 172 (1<)3U;. 

302 Quilico, ibid., 61, 205 (1931;. 

303 Quilico, ibid., 62, 503 (1032;. 

304 Quilico and Frcri, ibid. , 62, 430 (15)32;. 
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Oxidation of Alkanes 

The early theories of preferential oxidation of carbon or hydrogen 
have given place to the more complex hydroxylation and peroxidation 
theories. 

Thermal Oxidation of Alkanes. A study of molecular structure and 
its effect on thermal oxidation of alkanes leads to the following generali- 
zations: (1) as the length of normal hydrocarbon chains is increased, 
less difficulty in oxidation is noted; 305 (2) branching and condensation 
of the molecule increase the difficulty of oxidation. 306 

Temperatures between 0° and 700° have been used in thermal reac- 
tions, but most of the work has been carried out in the range between 
200° and 500°. An increase of temperature usually results in a shorter 
induction period and a more rapid rate of oxidation. 307, 3Qi} Elevation 
of temperature to just below that at which cracking is ordinarily carried 
out causes rupture of molecules. 309 

Pressure increase influences hydrocarbon oxidation in several 
ways: 310 (a) it increases frequency of molecular collisions with subse- 
quent increase in reaction rate; (b) it deactivates chain carriers; (c) it 
alters the electrostatic field, giving rise* to induced or increased polarity; 
and (rf) it directs a reaction so that less space is required. 

Alkane oxidations may be sensitized or inhibited by foreign gases 
and solids and by the addition of intermediate reaction products. In 
general, the induction period is shortened and the rate of the main re- 
action increased by addition of intermediate oxidation products, such 
as alcohols, aldehydes, and acids. 311,31 -' 313,314 Oxides of carbon have 
little effect in most instances. 315 The influence of hydrocarbon halides, 
hydrocarbons, and nitrogen diluents depends largely on other experi- 
mental conditions. 313, 3l6 * 317, 318, 319, a “ 0, 3J1 Acceleration by diluents may 


305 Ixrwis, ,/. Chan. Soc., 1555 (1027). 

306 Maman, Compt. rtnd., 205, 319 (1937). 

307 Anlitti, ihid., 201, 390 (1935). 

308 \Vhi‘('U*r and Blair, ./. Soc. Chan. Inti., 42, 491T (19231. 

309 Harwell, Inti Khr . Chan., 26, 204 (1934). 

310 Newitt, Chan. Rev., 21, 299 (1937). 

3,1 Bonn and Gardner, Proc. liny. .S tic . (London), 154A, 297 (1930). 

315 Bone and Allum, ihid., 134A, 57S (1932). 

313 Peasr, Chan. Ret., 21, 279 (1937). 

3H Pidgeon and Kgerton, J. Chan. Soc., 670 (1932). 

3ls Norrisli and Foord, Pnw. Huy. Soc. (London), 157A, 503 (1936). 

318 Preltre, Ann ‘combust ihha tiquidex, 12, 411 (1937). 

317 Van lieinirtgen, Rcc. irov. chim., 55, 65 (1936). 

318 Coward, J. Chan. Soc., 1382 (1934). 

319 Jorisson, Bony, and Vim Ilciningcn, Rcc. true, chim., 51, S6S (1932). 

320 Joriasen and Hermans, ihid., 52, 271 (1933). 

321 Stcacic and Plewcs, Proc. Roy. Soc. (London), 146A, 583 (1934). 
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be attributed to prevention of chain breaking at the walls; inhibition 
may be the result of chain breaking by collision with the diluent. 

An induction period is noted for all alkane oxidations, and it is, 
therefore, highly probable that a chain reaction occurs. 313, 323 During 
the induction period, active centers are formed, and the reaction chains 
are initiated from these centers. 311 Monovalent radicals may be formed 
at the walls, and the reaction is slower when the reactor is coaled with 
material destroying or preventing radical formation. 323 

The hydroxylution theory of alkane-oxygen reactions postulates the 
formation of an alcohol as the primary step in hydrocarbon oxidation. 321 
Hydroxylatod molecules then react according to the following scheme 
shown for methane: 

CH 4 + 0 CHjOH 

j+O 

CH 2 (OH) 2 -» 1I 2 U + ClIsO 

i+o 

110=0 -> h 2 o + go 


i 

on 



ho— e=o -> n 2 o + co 2 
I 

OH 

The formation of the intermediate compounds, formaldehyde 
and formic acid, has also l>een explained by the peroxidation theory of 
von kibe and Lewis, 3 * 0 The initial product, a poracid, decomposes at 
the surfaces to give monovalent radicals which carry oil the reaction: 

1100(0011; — ■ HGOO t- OH 
OH + OIL -> II 2 0 TOIL 
CH 3 + 0 2 -» HCHO + OH 
OH + HCHO H 2 0 { HCO 
IICO 4" 0 2 — > lit ) 2 }• GO 
IKh + HCHO \W + CO + Oil 
OH 4- Wall — + Deactivation 
m Bone and Hill, ihuL, 129A, 4-'i4 fl!i:iOn 

123 Lewis and von hllx*, '*( ‘omhu.slion, Flames, and KxpIosioHS of Gases,” (’a in bridge 
University f 19HS; , pp. S9, 1 10. 

324 Bone, ./. Chum. Soc., 1599 OtWlj. 

315 von Kibe and Lewis, Am. Chew. Soc., 69, 97l» (19.'17). 
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Milas has accounted for the methane oxidation through the forma- 
tion of peroxides arising from activated molecules . 326 

| Activation — > HsC:— >H 

H 3 CH 

I Dissociation — ► H 3 C* + H* 

H 3 C;— HI + 0 2 -» II 3 COOII (Methylhydroperoxide) 

1 

CHjO + H,0 

2H3C* -h O2 — ■* II3COOCH3 (Dimethylperoxide) 

I 

CII 3 OH + CH 2 0 

H 3 COOH + IICHO — IIjCOOCHaOH -> CH 3 OH + HCOOH 

1 

IICIIO + HCOOH + Hi 

A mechanism involving the formation of formaldehyde from free 
hydrocarbons has been suggested : 327 

CH 4 + 0 CH 2 + H 2 0 
CH 2 + 0 2 -> HCHO + 0 

The formaldehyde is further oxidized to formic acid and subsequently 
to carbon dioxide and water. An unstable oxygenated molecule CH 4 O 
may possibly be formed and decomposed into alcohol and aldehyde. 
This suggestion links the peroxidation and hydroxy lation theories. 

Another theory based upon primary dehydrogenation indicates the 
following reactions : 328 

1. Primary dehydrogenation to unsaturated hydrocarbons. 

2 . Combination of the unsaturated hydrocarbon with oxygen to 
form unstable peroxides. 

3. Decomposition of peroxides and oxidation of the products formed 
to carbon monoxide, carbon dioxide, and water. If large quantities of 
alkenes are present, their formation may be due to stabilization of a by- 
product rather than to an initial reaction . 329 

According to the theory of aldehyde degradation for higher alkanes, 
the initial oxidation product is an aldehyde with the same number of 
carbon atoms as the original alkane . 330 The aldehyde is further oxidized 
with the loss of one carbon atom. This process is repeated until prod- 

358 Milaa, Chew. Rev., 10, 205 (1932). 

m Norrish, Proc. Roy. Site. (London), 160A, 30 (1935). 

828 Lewis, J. Chan. S oc„ 759 (1929). 

333 Ubhelohde, Proc. Roy. Soc. (London), 152A, 354, 378 (1935). 

830 Pope, Dykstm, ami Edgar, J. Am. {'hem. Soc., 51, 1875 (1929). 
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nets are formed which are resistant to further oxidation or a tempera- 
ture is reached at which general decomposition of the molecule takes 
place. The point of initial oxidation is on the carbon at the end of the 
longest unbranched chain. 308, 330 In the case of branched molecules, the 
reaction rate decreases when the branch is reached. The slower reaction 
rate results from the formation at the branch of a ketone, which is more 
resistant to oxidation than an aldehyde. Chain propagation of the re- 
action is common to all the theories discussed, i.e., hydroxylation, per- 
oxidation, activation of the molecules and formation of free radicals, 
and aldehyde degradation. 

Catalytic Oxidation of Alkanes. Alkane oxidation may be catalyzed 
by nitrogen oxides and metals . 318, 331 The pronounced effect of nitrogen 
peroxide is probably related to the ease with which the valence of nitro- 
gen may be changed, 33 - although initial combination of the hydrocarbon 
and nitrogen peroxide may occur. 333, 334 In the case of methane, this un- 
stable complex would decompose to formaldehyde and a nitrogen oxide. 
Methyl nitrite has been used as a promoter in the oxidation of methane 
and ethane . 335 

Some metallic catalysts promote alkane oxidation so that equilibrium 
is reached almost instantly. Platinum, silver, copper, palladium, and 
manganese vanadate may be used satisfactorily under certain con- 
ditions. 336, 337 1 338 

Use of Oxidants Other than Oxygen Gas. Metallic oxides may be- 
come oxygen donors in oxidation reactions with or without catalysts. 
Copper oxide was found to lx* the most effective oxidizing agent; oxides 
of iron, tin, zinc, and cobalt were less effective . 339, 340 The reaction of 
ethane with selenium oxide was slow and incomplete*, resulting in the 
formation of glyoxal, acetic acid, and carbon dioxide . 341 

When catalysts were used with cupric oxide and methane, their effi- 
ciency in the reaction occurred in the following order: cuprous chlo- 
ride, 339, 34 -' 343 cobalt nus oxide, 339, 343 manganese dioxide . 340 Ferric ox- 

331 Girnnielrnan, Neumann, and SokofT, .1 ctn 1'hysicnchim. t'.ii.S.S., 5, 901} (1930). 

3;J I.ayriR and Soiikup, I ml. /s'/i*. (’firm., 20, 1052 (1928). 

333 soi hi run - and NVman, rend. t’.ii.S.S., 2, 297 (1934; [('. A., 28, 5320 ( 1934)]. 

334 Smith and Milner, /rid. Kn%. Chan., 23, 357 (1931). 

33S Girnmelrnan and Neumann, Aria hliysicncfiim. t'.ii.S.S., 7, 221 (1937). 

33f * Davie#, l‘hil. .!/«*., 21, 513 (1930i. 

337 Boomer and Broughton, (Via. J . Hr March, 15B, 375 (1937;; Boomer and Thornart. 
iWd., 15B, 401, 414 (1937). 

Reyerson and Swearingen, J. Pity*. ('hem.. 32, 192 (1928). 

3,Vj Campbell and Gray, J. Sue. (!h<m. I ml., 49. 4 SOT (1930). 
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343 Arneil, ibid., 53, SOT (1934;. 
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ide, M0 , 343 ceric oxide, 343 chromic oxide, molybdie trioxide, and a uranium 
oxide, UgOs, were also used as catalysts in methane oxidations. Lead 
chromate 339 as an oxidizing agent yields carbon monoxide from methane. 

Perchloric acid has been used with methane, ethane, and heptane. 
The resulting compounds were products of incomplete oxidation, and 
much carbon monoxide was formed. 341 

Oxidation of Alkenes 

Oxidation reactions of the lower alkenes indicate that the hydroxy- 
la t ion and peroxidation theories for alkanes also apply to alkenes. 
Cyclic oxides form readily at points of unsat orat ion. Chain propagation 
of alkcne oxidation is evidenced by an induction period, 345 the inhibitory 
effect of excess oxygen, 346 and the retardation due to increased surfaces. 
Un catalyzed alcohol formation from alkenes is a reversible reaction in 
which the equilibrium is well over on the alkcne side. 347 The reaction is 
most favorable for ethene, and increasingly small yields arc obtained as 
higher alkenes are used. 

Nitric oxide and metallic salts and oxides have been used to cata- 
lyze the oxidation of alkenes. Catalytic hydration of alkenes produces 
alcohols, but equilibrium conditions are, in general, unfavorable for this 
reaction. Ozone, hydrogen peroxide, selenium oxide, potassium per- 
manganate, and peracetic acid have also boon used to oxidize alkenes. 
The point of initial oxidation with different oxidants varies with the 
structures of the alkenes. 

Thermal Oxidation of Alkenes. Thermal oxidation reactions of the 
1 -alkenes in the vapor phase an 1 less intense than those of the corre- 
sponding alkanes. Thermal decomposition occurred at high tempera- 
tures in the presence of oxygen but at a much slower rate than oxida- 
tion. 348 At temperatures above 500° polymerization became a dominant 
factor even when diluents were used. 349 

Ethene oxidations yield aldehydes and unsaturated alcohols previous 
to the formation of any oxides or peroxides, 3 - 1 although in one ease 
ethene oxide 349 was reported as an initial product. Propone and iso- 
butene reacted much more rapidly with oxygen I ban did ethene. 348 
Oxidation of the heptenes indicates that the initial action of oxygen is on 
a non-terminal saturated carbon atom. 350 Oxidation of n-oetene, except 

iH Vialnrd-Goudtni, (Vmpf. rend., 203, 505 (.1930). 

344 Thompson mid Hinshelwood, Prttc. linn. Sue. (London), 125A, 277 {,1929). 
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60 


ORGANIC CHEMISTRY 


for a higher reaction temperature, was similar to that of «-oc lane, 330 
and indicated that the octene reaction began not at, the point of un- 
satnration but at the opposite end of the molecule. 

The hydroxylation theory advanced for saturated hydrocarbons was 
also applied to alkenes: 324 
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According to the peroxidation theory, the primary reaction of ethene 
and oxygen yields a peroxide which reacts further with the alkcnc to 
produce alkene oxides. The unstable oxide decomposes to acetaldehyde, 
and complete oxidation of the aldehyde follows: 

> CHsCHO 

CH* CH*. ! 

!' -f- RO 2 — * | /O -|- RO 

CH 2 C11 2 X 


Oxidation of 2-butene indicated the probability of peroxidation as the 
primary reaction. 361 If hydroxylation predominates, the following 
scheme explains the reaction: 

CHsCH=CTICH 3 
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Such ketone formation was not substantiated by experimental evidence. 
The acetaldehyde, butadiene, alkene oxide, acids, glyoxal, and water 
found in the 2-butene oxidation products are, however, accounted for 
by a mechanism in which peroxidation is the primary reaction. 

351 Lucas, Prater, and Morris, ihid., 57, 723 (1935). 
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Catalytic Oxidation and Hydration of Alkenes. Oxidation of alkenes 
to intermediate products has been carried out in the presence of cata- 
lysts. Addition of nitric oxide to et hene-oxygen reaction mixtures 
eliminated the induction period and shortened the reaction period. 346 
hither accelerated propone oxidation. 352 Cobalt ous oleate, manganese 
vanadate, and vanadium pent oxides function as catalysts. 353 , 354 ’ 355 

Catalytic hydration of the alkenes has not been entirely successful 
since most catalysts become effective only at temperatures high enough 
to displace the equilibrium toward the alkenes. 355 Cadmium metaphos- 
phate was used in the hydration of othene at atmospheric pressure. 357 
Alumina and tungstic oxide catalysts were also used, and the products 
included acetic acid and polymerization products, 358 2-Butene has been 
hydrated in the presence of cuprous chloride, thoria, and phosphoric 
acid. 559 2-Methyl- 1-propenc and 2-methyl-2-butene were hydrated in 

352 Townend, Chtm. Rev., 21, 200 (1937). 
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the presence of potassium nitrate and nitric acid. 360, 361 Other acids were 
used with 2-mcthy 1-2-hut cue, and the order of the catalytic influence of 
0.1 molar solutions was: dithionic> sulfuric > hydrochloric, hydrobro- 
mio > nitric > p-toluenc-sulfonic > picric > oxalic, acetic. 

Use of Oxidants Other than Oxygen Gas. Ozone has been used to 
a limited extent in alkcne oxidation. The ozone acts as an oxidant and 
also us a catalyst for the alk one-oxygen reaction. Mixtures of ethene 
and oxygen normally become explosive at temperatures 362 above 500°, 
but, in the presence of ozone, explosive reactions occurred around 400°. 

CiV-glyeols, which have not. been widely investigated, are formed by 
the reaction of alkenes and hydrogen peroxide in the presence of cata- 
lysts. 5 * 3 Inasmuch as hydrogen peroxide without a catalyst has no 
effect on an alkcne double linkage, catalytic action may consist of split- 
ting of hydrogen peroxide into hydroxyl radicals which then add to the 
double bond. 5 ** Osmium totroxide is a suitable catalyst. 365 Hydrogen 
peroxide with vanadium pentoxide or chromium trioxide produced the 
glycol from 2-metliy 1-2-butene. A pen ten e-hydrogen peroxide miction 
over ferrous sulfate yielded acetone, acetaldehyde, formic acid, and 
carbon dioxide, but no glycols were delected. 36 ® 

Selenium dioxide and ethene reacted slightly at room temperature 
to produce the trimeric glyoxal. 341 The propone reaction was similar 
to that of ethene, but higher alkenes reacted only at elevated tem- 
peratures and produced mixtures too complex for analysis. 

Oxidation of alkenes with dilute* potassium permanganate results in 
the addition of two hydroxyl groups at the point (if unsaturation. Pro- 
longed oxidation or use of more concentrated acid causes complete 
oxidation to carbon dioxide* and water. When higher alkenes are oxi- 
dized with potassium permanganate, scission occurs at the double bond, 
producing two acids. This reaction is used as a test for the point of 
unsaturation of alkenes. 

Oxidation of Alkynes 

Very little work has Ije-en elone on the oxidation of alkynes, anel 
practically none on the^ homologs above* cthvne. The ethyne-oxygen 
reaction gives glyoxal, formaldehyde, formic acid, hydrogen, anel the 
monoxide and dioxide e>f carbon, 324, 367 and is apparently chain-propa- 
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gated 368 since an induction period 369 and inhibition by an excess of oxy- 
gen were noted.* 7 At high pressures, increased surf ace- volume ratio 
lowered the reaction rate; at low pressures, similar surface changes had 
a slight accelerating influence. 370 Nitrogen dilution 3fi7 of the ethvnc- 
oxygen mixture had a slight retarding effect. Glyoxal and formaldehyde 
cannot be important chain carriers since the former had little influence 
on ethyne oxidation and the latter had an inhibitory effect. 370 

Ethyne has been oxidized in the presence of nitrogen oxides and a 
few metals. Nitrogen peroxide appreciably lowered the reaction tem- 
perature of ethyne and oxygen, 371 and the principal product was gly- 
oxal. 372 Copper, silver, gold, nickel, iron, and platinum were also used 
as catalysts for the complete oxidation of ethyne. 373 

Potassium permanganate was used to oxidize ethyne, 2-pcntyne, and 
3,3-dimethyl- 1-butyne to acids. 374 In these reactions it is probable that 
any primary addition product immediately splits at the point of unsatu- 
ration. Selenium dioxide was used to oxidize 1-heptyne and 1-oetyne. 375 
The initial reaction was the substitution of a hydroxyl radical on the 
carbon atom adjacent to the unsaturated carbon. Ethyne and oxygen 
saturated with water vapor and illuminated by a mercury arc produced 
oxalic acid and an aldehyde. 376 

The theories of peroxidation, hydroxyl at ion, and bond activation, 
which were offered for the more saturated hydrocarbons, 377 may also 
be applied to the alky ties. 377, 378 

Low-temperature oxidations have been carried out on mixtures of 
aliphatic hydrocarbons such as gasolines and lubricating oils, and this 
reaction is responsible for gum formation. Since there has been little 
attempt to carry out these reactions on pure hydrocarbons, these arc 
omitted from this study, 
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INTRODUCTION 

Carbocyclic compounds arc classified on the basis of their behavior 
as aromatic or alicyclic. * With the exception of cyclopropane (generally 
regarded as the first member of the cycloalkane series) and its derivatives, 
the alicyclic compounds possess chemical properties very similar to those 
of the aliphatic series. It follows that in most instances our knowledge 
of aliphatic compounds can be transferred to the members of the alicyclic 
group. On this account, the chemistry of alicyclic compounds is of 
interest primarily because of stereochemical properties inherent in the 
ring form as opposed to open-chain structures. The chemical manifes- 
tations of space factors in this field are most pronounced in connection 
with reactions which involve the opening and closing of rings, and in the 
alteration of properties of functional groups which are a part of the ring 
or are directly attached to it. 

Cyclohexane and its derivatives can be made by the addition of 
hydrogen to the corresponding aromatic compounds, and, for this reason, 
they have been called hydroaromatic compounds. 1 1 is possible to prepare 
aromatic compounds also by dehydrogenation of the corresponding 
cyclohexane derivatives. However, this relationship of the cyclohexane 
group to the aromatic series is almost entirely a genetic one; the two 
classes differ radically in their chemical properties. 

This close connection between aromatic and alicyclic compounds is 
undoubtedly responsible for the fact- that, of the latter group, tlu* six- 
membered type was the first to be prepared. Indeed, until about 1880 
it was generally supposed that rings smaller or larger than this could 
not exist. 1 All attempts to synthesize such rings had been fruitless, and 
they had not been found in nature. Moreover, there were theoretical 
grounds for this opinion, for it was evident that tin; smaller rings, at 
least, could not be made from carbon atoms having the rigid tetrahedral 
form which had been used so successfully in solving other structural 
problems. If the four bonds of a carbon atom are directed toward the 
vertices of a regular tetrahedron each forms an angle of 100° 28' with 
the others. As a matter of fact, it is impossible, by use of such atoms, to 

* Th(! term alicyHir was by Bumtartcer. tier ., 22 , 70ft (1SH0). 

1 Meyer, Ann ., 180, flS7«;. 
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construct any ring of fewer than five members. The following table 
shows the angles which are required for the formation of the smaller 
rings, together with the deviation in each case of the valence bond from 
the normal position in the regular tetrahedron. 


Hydrocarbon 


1 

Formula 

Angle 

Deviation 

Ethylene (cvcloethanc) 

Cih 

=-C H, 

0° 

54° 

44' 

Cyclopropane 

CH; 

t — en 2 
/ 

ti(J 

1 

21° 

44' 



CII, 




Cyclobutanft 

CI1; 

1 

,-CH, ! 

90 

9° 

44' 


CH; 

-CH, 

1 



Cyclopentane 1 

CIIj 

1 

r-CH 2x 

/CH i 

ms 

0° 

44' 


CH. 

-CM/ 





Between 1880 and 1885, however, came a rapid succession of events 
which revolutionized chemists' ideas of ring compounds and laid the 
foundations of modern alieyclie chemistry. The first of these was the 
discovery of Markownikoff and Krestownikoff that /3-chloropropionic 
acid, when heated with dry sodium ethoxidc, was converted into a com- 
pound containing a ring of four carbon atoms — 1 ,3-cyclobutanedicar- 
boxylic acid.* 


C1I 2 ClhCOaU 

ci ci 


C11 2 -C11C0 2 I1 

I I 

HOoCCH — CHo 


IIOaCCH. -VIU 


0-( ”ul< in ►propionic 
and 


1 ,3*( 'yrlohiil a ncdicarhosylio 
acid 


Almost immediately after this Freund 3 succeeded in making cyclo- 
propane — a hydrocarbon containing a threc-membered ring — by the 
action of sodium on trimclhylenc bromide. 


/CIIoRr yClh 

HU -f 2Xa — ► CHj + 2XaBr 

\,’H 2 Br \ll. 

Trimct liyk’iic bromide Cyclopropane 

A little later Perkin 4 found that ethyl malonate condenses with tri- 
methylene bromide in the presence of sodium ethoxide to give ethyl 
1,1-cyclobutanedicarboxyIate. 

1 Markownikoff and lvrcslownikoff, Ann., 208, 333 (1SS1). 
s Freund. Monateh., 3. fC'H (1SS2). 

4 Perkin, Her., 16, 1703 (18S3). 
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CH 2 Br XX) 2 C 2 H & ‘ XJH*. ,C0 2 C 2 H 6 

CH 2 +CH 2 Na0C ^ 3 CJL C 

N^HoBr ^COAHs ^CIl/ \:0 2 C 2 H 5 

Ethyl I, l-cycldtiiiliiiifi- 
di car boxy late 


These results established the existence of three- and four-membered 
carbon rings and demanded drastic revision of the current opinions 
regarding the stereochemical character of the carbon atom. 

Baeyer s. Strain Theory. An ingenious and very plausible solution 
to the problem was advanced by Baeyer, 6 who assumed that, the normal 
angle between the valence bonds of carbon was 109° 28', but that it wan 
possible for this angle to be altered . Any deviation from this angle, how- 
ever, was supposed to bring about a condition of strain which, according 
to the theory, was attended by a corresponding decrease in stability. 
The greater the strain involved, the less would be the stability of the 
resulting compound. 

Striking confirmation of this theory was obtained almost at once by 
Perkin, 6 who succeeded in preparing a compound containing the cyclo- 
pentane ring. By condensation of two molecules of malonic ester with 
one of trimethylene bromide, he obtained a tetracarbethoxypcntane 
whose sodium derivative, when treated with iodine, gave ethyl 1, 1,2,2- 
cyclopentanetetracarboxylate. 


yCH 2 Br CH 2 (C0 2 C 2 H 5 ) 2 
Cil 2 + 

^CHsBr CH,(C0 2 C 2 II a ) 2 
/CH 2 -C(C0 2 C 2 H5) 2 


ch 2 


Xa 

Na 


'■CHr-C(CO*CiH 6 )2 


"> Clle 


/MI 2 -Cll(C0 2 C 2 H:>)2 

^CIIa-C.’IKCOsC-IU), 
CIU CtC0 2 C 2 Ha)i 


-> CII 2 




Hydrolysis of the ester gave an acid which, when heated, lost carbon 
dioxide and yielded 1,2-cyclopentanodicarboxylic acid. 


Clla-O 

/ I 

ch 2 


CII 2 — C' 


,C() 2 1I 
'00 2 I I 
£0 2 H 


v C0 2 II 

* Baeycr, Bfr., 18, 2277 USS, 1 }). 

• Perkin, But., 18, 8246 (1S85;. 


/ClIz-CIICOsII 


:£L\ cii. 


V CII ! — CIIC04I 
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It should be pointed out that, according to Baeyer’s theory, the 
cyclopropane ring, since it possessed greater strain, should be less stable 
than the cyclobutane ring, and that, in turn, the latter should be less 
stable than the cyclopen lane ring/ The 1,2-cyclopentanedicarboxylic 
acid was, indeed, found to be extremely stable, and so completely ful- 
filled the predictions of the theory. 

It may be said at once that, for hydrocarbons having rings smal- 
ler than that of cyclohexane, the theory of Baeyer is in fairly 
satisfactory agreement with the facts which are known at the present 
time, although the physical nature of the strain is not yet fully 
understood. 

Strainless Rings. An integral part of Baeyer's strain theory was 
that the carbon atoms of the ring must lie in a plane, and, oil this basis, 
he predicted that the formation of large rings would involve negative 
strain. From an inspection of the following figures, it is evident that, 
in cyclohexane and compounds containing large rings, the planar con- 
figuration required that the angle formed by the valence bonds be some- 
what greater than normal, and that the amount of this stretching is 
greater in proportion to the size of the ring. 


CH-jr CH 2 

CHj 120" jcfl, 
CHt Clio 


Cyclohexane 


CH-, — CII, CHj — CH, 

C f l*3f‘ >H, T 135" > 
C1I,— CH S Oils — CH 2 

Cychleptane Cyclooctane 


This postulate was supposed to account for the fact that rings of more 
than six members had not been made or discovered in nature, and were 
presumably very unstable. Moreover, it implied that very large rings 
would be incapable of existence. 

This part of Baeyer’s theory has proved to be misleading if not en- 
tirely erroneous. Saelise 7 was the first to perceive that the so-called 
negative strain need not exist and that the large rings might, in fact, be 
strainless. This idea was disregarded by chemists for no ally thirty 
years, but was eventually revived and elaborated by Mohr, 8 and within 
recent years has been almost fully confirmed by experiment. The idea 
of Sachse mav be illustrated by reference to models. When, by the use 
of tetrahedral atoms, models are constructed for rings containing more 
than five members it is found that the atoms forming the ring do not lie 

7 Suc-hsi', Rrr., 23, VMY.i ; Z. phi/sik. Chcm., 10, 203 (1S92). 

s Muhr, J. )>rnkt. Ch at,., [2] 98, 349 (191S) ; 103, 31G (1922). 
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in a plane as they do with smaller lings. For example, six tetrahedral 
atoms may be united as shown in Fig. I or 3. 



Fig. 1 Fig. 2 Fig. 3 


These models differ from the planar one shown in Fig. 2 in that they can 
be constructed without distortion of the tetrahedral form of the atoms 
involved. For the atoms to be in a plane as in Fig. 2 it is necessary, as 
noted earlier, to introduce ‘‘negative” strain; i.e., increase the angle be- 
tween the annular bonds to values greater than the normal. 

Since stable rings which contain more than thirty members are now 
known there is no necessity for assuming a planar form for any ring of 
more than five members. As will appear in the sequel, this theory has 
been confirmed by the work of Kuzicka, lluekel, Ziegler, and others. 
Kings of this typo are known as til rainless rings. The compounds con- 
taining very large carbon rings have been made in a variety of ways and 
have been found to possess stabilities comparable with those of the corre- 
sponding open-chain compounds. It should be mentioned, however, 
that there is evidence that some strain persists even in the compounds 
containing very large rings. 9 

The Occurrence of Alicyclic Compounds in Nature. Rings of the 
alicyclic type abound in natural products. Most of these consist, of five 
or six members. Thus the nonbenzenoid cyclic hydrocarbons obtained 
from petroleum — generally known as naphihvnvx — -as well as naphthenic 
acids w are chiefly derivatives of cyclopentane and cyclohexane. 

The most important group of naturally occurring alicyclic compounds 
is formed by the terpenrs and their derivatives. These occur in essenl ial 
oils, particularly those from citrus fruits; they are also found in oil of 
turpentine arid similar materials made from coniferous trees. They 
embody rings of all sizes up to and including the cyclohexane ring, which 
is the one most frequently encountered. A glimpse of this vast field is 
afforded by a list of the skeletal structures of the principal types. 

The most important monocyclic compounds in this group are deriva- 
tives of p-men thane. Limonene and menthol are examples: 

v f.’arothern and Hill. J. Am. Chrm. Soc.. 55 , 5043 (1933). 

10 v. Braun, et ul., Ann., 490 , 100 (1931;. 
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CII 3 

Clh 

1 

ch 3 

/CH\ 

1 

/ c \ 

/CH\ 

cn 2 cii 8 

i i 

Cil 

[ 

CII 2 

1 

cn 2 cn. 

i 

cn 2 ch 2 

1 

Cil 2 

CIIs 

; j 

ciis cnon 

\:ii/ 

1 

\cn/ 

Njh/ 

/' n \ 

/ c \ 

/K 

CIIs Cl I* 

cn. 

CH, 

CH 3 CHs 


Limonene 

Menthol 


The hicyclic compounds which have the cyclopropane ring are deriva- 
tives of thujane and carane. Sabinene and thujone are among the thu- 
jane derivatives which occur naturally. 


CH 3 

I 

CH S 

CII 3 

/CM\ 

/ C \ 

/ CI \ 

lie ni. 

lie CII. 

HC CO 

; ' s 

i\ 

l\ 1 

HsC CII* 

ll.C CII* 

IIoC \ C1I 2 

\./ 

j 

\./ 

\/ 

/CH\ 

/CH\ 

j 

/CH\ 

Cl 1 3 CHa 

CII., CII 3 

CH, CH, 

Thujane 

Sal/inmr 

Thujone 

The carane group includes 3-carruc and carone. 

CIIs 

CHa 

[ 

CH 3 

/CH\ 

/ c \ 

| 

/C H\ 

CHs CHs 

CII CHs 

CH, CO 

| 

Cil* CII rn 

\ c „z \ r / ( 1,3 

j 

CIL CM pi, 

\ c „/ V/ 

j 

CH 2 CH . 

Not/ \/ 

\:h 3 

X CII 3 

N 

Canine 

3-Cnri‘iic 

Carone 


The pinane derivatives, such as «-pinene and mvrtenal, contain a 
four-membered ring in addition to the usual six-membered ring. 
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Pinane 


a- Pi IK' ne 


Myrtriml 


Camphor belongs to the camphanc series, the members of which have 
a structure made up of two condensed fivoinembered rings. The isoeam- 
phane, fenchane, and isobornylane groups are similarly constituted. 


ClI-:— C CH 2 

CH 3 — C— ch 3 


CH, CH CH 2 

Camphane 

CHs-CH— C< 


CII 3 


1 

CII 2 c— CO 

: i 

yClh 

CHo-CH-tY 

i l i x cji 3 

CIT a — C— CII 3 j 

I v ,Ia 

Clio CH CII2 

CII2 — CII — CIICJI3 

Camphor 

c\h 

Is of am phani! 

Clio CII- 

—OIL 



ch 3 

Feiichaue 


Isobornylane 


An inspection of the foregoing structures reveals the striking fact 
that each is made up of two isoprene units, as is shown by the following 
diagram : 

C C 



Carbon skeleton Carlmn ikdelon Carbon skeleton 

of camphor of canine <>t isoprene 



ALICYCLIC COMPOUNDS 73 

The structural unit represented by isoprene is also to be found in open- 
chain terpenes and sesquiterpenes. 

Complex alicyclic ring systems also appear in many of the more com- 
plicated structures which have been found in nature. Among these are 
the higher terpene compounds, the sex hormones, the sterols, the bile 
acids, the resin acids, the sapogenins, and certain alkaloids. 

The elucidation of the structures of such natural products and the 
synthesis of their analogs has always been one of the mast attractive and 
useful occupations of organic chemists, and, from the preceding section, 
it is evident that much of the work in this field has been concerned with 
the synthesis of alicyclic rings. Fortunately, the six-membered ring, 
which is by far the one most frequently encountered, can be made by 
hydrogenation of the benzene ring. For the preparation of rings of other 
sizes the chemist has used three types of methods, namely, ring closures, 
ring expansions, and ring contractions. 


THE SYNTHESIS OF ALICYCLIC COMPOUNDS FROM 
AROMATIC COMPOUNDS 

The transformation of benzenoid compounds into the corresponding 
cyclohexane derivatives by hydrogenation is a very general method 
which is frequently used. The preparation of cyclohexane by hydro- 
genation of benzene over nickel at 180-200° was first accomplished by 
Sabatier and Senderens. 11 Naphthalene, under similar conditions, yields 
tetrahydronaphthalene (tetraiin) , and at higher temperatures and pres- 
sures decahydronaphthalene (decalin) is produced. 

The partially hydrogenated rings are very reactive, and in the pres- 
ence of hydrogen acceptors tend to revert to the benzenoid condition by 
loss of hydrogen. In fact, disproportionation is frequently observed. 
Thus, Zelinsky and Pavlov 12, 13 showed that, in the presence of palla- 
dium or platinum, and at temperatures somewhat above their boiling 
points, both cyclohexene and cyclohexadiene are irreversibly converted 
into mixtures of benzene and cyclohexane. 

Some aromatic compounds, such as benzoic and phthalic acids, can 
be reduced by means of sodium and alcohol, but the method does not 
always give good yields. 

Various types of catalysts have been used in the hydrogenation 
(p. 817) of benzene. Sabatier and Senderens discovered that nickel was 
a catalyst for the hydrogenation of various aromatic compounds in the 

11 Sabatier and Senderens, Compt, rend., 132, 210 (1901). 

1S Zelinsky, Her., 58B, 804 (1925). 

13 Zelinsky and Pavlov, Ber., 66B, 1420 (1933). 
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vapor pha.se. This method has not been particularly useful in the labora- 
tory. The method of Ipatieff for hydrogenation of compounds in the 
liquid phase at high pressures has led to the development of the present 
practice which involves improved nickel catalysts and pressures from 
50 to 200 atmospheres at temperatures from 100 to 200°. By this method 
it is possible to hydrogenate almost any aromatic compound. For reduc- 
tion at ordinary temperatures and pressures platinum black (Willstatter), 
colloidal platinum (Skita), and platinum oxide-platinum black (Adams) 14 
have been used. 


THE SYNTHESIS OF ALICYCLIC COMPOUNDS BY MEANS 
OF RING CLOSURES 


Almost every type of reaction involving the formation of a carbon- 
carbon bond has been used successfully in the synthesis of alicyclic com- 
pounds from open-chain compounds. The probability that a given type 
of intermolecular condensation reaction can be made to lake place intra- 
molecularly depends largely upon the size of the ring which would result. 
Other factors, however, such as the number and kind of substituents pres- 
ent, are often of great importance. The old view, that the ease of ring 
closure was a measure of the strain of the resulting ring system, has now 
been generally abandoned. It has become evident that storic factors 
other than ring tension play an important part in determining the tend- 
ency of a given ring closure to take place. 

Of the numerous methods of ring closure to be found in the literatim 4 , 
the following are among those which have proved to be most useful and 
most interesting from a theoretical point of view. 

The Freund Reaction. The coupling together of two alkyl residues 
by the action of metals such as sodium or zinc on halogen compounds 
has been widely used; yields of 50 per cent or better are obtained 
in many instances. A similar condensation occurs when polymcthylene 
halides react with a metal. 


yC HiX 

(CH 2 )n Zn 

N^IIzX 


/CII 2 

(CII 2 ) tt ! + ZnX a 

\ I 
X CII 2 


This method has been used to prepare rings of three, four, five, and six 
members, but gives good yields only in the cyclopropane series. Cyclo- 
butane itself and cycloheptane have not been prepared in this way. The 
synthesis of cyclopropane and its homologs is usually carried out by 
treatment of the bromide with zinc in alcohol; the yields are sometimes 

14 Adams and Marshall, J. Am. Chum. *S'w., 60, 1070 ( 1 028) . 



ALI CYCLIC COMPOUNDS 


75 


as high as 68 per cent of the theoretical amount. 15 A method has been 
developed for making the hydrocarbon by the interaction of 1,3-dichloro- 
propane and zinc in the presence of sodium iodide. 16 This type of reac- 
tion illustrates the close similarity of the chemistry of the cyclopropanes 
to that of the olefins (cycloethanes). 

R 

I 

/CHBr 

CIl/ + Zn 
X CHBr 

I 

It 

R~CHBr ItCII 

J + Zn — > -t- ZnBr2 

R— ClIBr ltCH 

From the standpoint of the strain theory, it is interesting to note that 
the formation of the olefin takes place more easily than that of the three- 
niembered ring which, in turn, forms more readily than the cyclobutane 
ring— a result which is exactly opposite to that predicted by the original 
theory of Baeycr. 

Condensations of Unsaturated Compounds. The tendency of ole- 
finic and acetylenic compounds to polymerize frequently leads to the 
formation of alicyclic rings. Thus, cinnamic acid under the influence of 
sunlight is slowl} T transformed into truxillic and truxinic acids. 


R 

| 

/CH 

-> CIl/ ] + ZnBr 2 

X CH 

I 

R 


C 6 11 5 C1I=CHC0 2 II CelljCH— CHCO*H CsHsCH-CHCOgH 

— ♦ | | and j | 

CeHiCII—CHCOsII CcIIsCH— CIICOsH H0 2 CCH— CHC«H* 

Cinnamic acid Truxinic acid Truxillic acid 

Self-addition of this type does not occur with the simplest olefins, but is 
frequently realized with those of higher molecular weight. Such proc- 
esses can generally be reversed by heating. It has been shown that 
divinylacetylene undergoes this type of reaction. 17 

CH 2 =CU-CsC-CH=CfI 2 sn° CII^CH-C=C— CH— CH 2 

— •> i i 

CHa— CII — OsO— 011=01. Cll 2 =CH— CseC-CII— CH 2 

Cyclization of an olefinic compound to a cyclohexane derivative has 
also been observed. When heated in the presence of methanol and 

15 Lespioau ami WakcmuTi, Bull. sac. chim., 51, 3.S4 (1032), 

,fl Haas, Hinds, and Gluescnknmp, Ind. Eng. Chcm., 28, 1178 (1936). 

17 Cupory and Oarothers. J , Am Chem. Hoc., 56 , 1167 (1934). 
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potassium carbonate, vinyl mesityl ketone trimerizes to 1,3,5-trimesi- 
toylcy clohexane . 18 


/ 


CH 2 


CsHuCOCH 


CHj 

^CHCOCsHn 


CHCOCsIIn COInCOCH CHCOCsHu 

I! - I I 

CH 2 CHj CII 2 

\ / 

CIICOCsIIu 


The Diene Synthesis. 1,3-Butadiene and similarly constituted di- 
enes have been found to condense with a variety of unsaturated alde- 
hydes, ketones, esters, quinones, and the like to give six-membered 
rings. 19 The reaction was discovered by Diels and Alder 20 and is gener- 
ally referred to as the Diels-Alder or diene synthesis. It may be illus- 
trated by 1,3-butadiene and acrolein which combine to give a tetrahydro- 
benzaldehyde. 


CH 


ch 2 


CH 

\:n, 


/ CH \ 


CIICHO 

Cfl 

__v j I 

CIICHO 

CII 2 

* SI 

CH 

1 

ch 2 


\ch/ 


Acrolein 


In place of the acrolein it is possible to use quinone, maleic anhydride, 
and a large number of other a,j3-unsaturated carbonyl compounds. 
Derivatives of cyanoacetic and acetoacetic esters of the following types 
may be included: 

yCS yCOCHa 

RCH=C RCH=C 

\x)jC s H s NjOjCiH. 


However, the synthesis is not restricted to a,/3-unsatu rated carbonyl 
compounds. It has been extended also to styrene, vinyl chloride, vinyl 
acetate, and allyl chloride. 

Isoprcne, 2, 3-dimethyl- 1,3-butadiene, cyclopen tadiene, furan, and 
numerous other substances containing the conjugated diene structure 
undergo this type of condensation. So general is the reaction, in fact, 
that it can be used as a test for the presence of a conjugated olefini c 
linkage in a molecule. The reaction invariably leads to the formation of 

n I'uson and Mr- Kroner, ibid., 62, 2088 (1940). 

19 DieU and Aider, Fortxchr. ('hem. Org. Natursloffe, 3, 1 (1939). 

- ri I lids find Alder, Ann., 460, 98 (1928). 
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a six-membered ring. 1 1 may be represented by the following generalized 
equation. 



\/ 


-c 

c 

-c c< 

1 + 

II -> 

II 1 

-c 

-OR 

-°x 


*C< 


/\ 


If the diene forms part of a ring the product will be a bicyclic com- 
pound. An example is the condensation of vinyl acetate with cyclopen- 
tadicne; the product is the acetate of a bicyclic alcohol, which can be 
converted to norcamphor. 21 


/* 


yCH 

\ 

CII \ 

CHj 0 

1! /° - 

chI 

ch 2 n 
> 1 /° - 

( CII, 4* 

II CHj 

CH / 

CHOCCH3 

CH| 

CHOCCH3 

Vll 


\CH 

/ 

C’ydopcnliiiUrnc 




/ CH \ 

/ CH \ 


/? H \ 

CH,- CII2 n 

1 cii, 1 r 

Cllzi ch 2 


CH 2 I CHj 

W | CH, | 

(0) 

VI CHj | 

CII, j CHOCCII3 

CII2 ! CHOH 

CHj CO 

W 

Na/ 


\cu/ 


-> 


Nor camphor 


Intramolecular condensation may also lead to ring formation. A 
very interesting example of this is the transformation of di-(j3-bromo- 
allyl)-malonic ester into m-toluic acid. The condensation is effected by 
use of alcoholic potash and presumably involves the formation of a 
dialletie as an intermediate. 


ClI 2 =CBrCH 2x ^ yC0 2 ll CKi=€=CKs^ yH 

c c 

CHj=CBrCH/ \x)*H CIlf=C=CH // '^COjII 


Di-f /J-bromoallvl)- 

nwlonicwte CHj— C=CH 

/ \ 

-» HC C— COjlI 

w 

I I 

H H 

wi-Toluio acid 

* l Alder and Rickcrt, Ann., 543, 1 (1940). 
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The formation of dihydro-otoluic aldehyde from <x, 7 ,eoctatricnal is 
another remarkable example of intramolecular addition. 22 

CIIO CHO 

CH \ IK / CH \ 

CHj — CH CH >C €11 

I - CIl/ [ ' 

CII CH CH Oil 

\c H / ^CII^ 

Pyrolysis of Salts of Dibasic Acids. The general method of prepar- 
ing ketones by heating the salts of the appropriate acids was early applied 
to the synthesis of cycloalkanones. The first of these to be prepared was 
s aber one; it was first made by Boussingault 2,1 in 1 SP>(> by distillation of 
calcium suberate, but its structure was not definitely established until 



/ C,l "\ 


Clio, C=< ) 

\:o£ 

\'ii/ 

Cali imn suljwaU; 

(.‘ydu'if i*i;ui'*ne 


1893 — eight years after the publication of Baeyer s strain theory — when 
Wislicenus and Magcr 24 showed that it was a seven-memberrd cyclic 
ketone, cycloheptanone. 

This method of preparing cycloalkanones is very general, but can- 
not be used in the case of three-me inhered rings. AVJion calcium succinate 
is distilled cyelopropanone is not obtained; there is formed, however, a 
small amount of a six-membered cyclic diketone, 1 ,4-eycIohexanediune. 

/ C< \ 

c:n 2 ch 2 cn* 

2 ( - ! I 

nij ch 2 ciio 

coS ;t co/ 

] , l-Cyf luhrx;m«*.li<n.rs 

This is one of many instances of the preferential formation of a six- 
membered ring where the closure of a thrcc-mcnibored ring is desired. 
Calcium glutarate is even more interesting, for here one would expect, to 
get a four- or an eight-incmbered ring, neither of which forms readily. 


Bcrnhauer and Nniihauor, FiiorJtnn. 251, 17-’{ (19-12) 

13 linusaingault, Ann. (‘hem. I'hartn., 19, ‘10S (1*39). 

14 Wislicenus and Mager . Ann., 275, 357 (1X93). 
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In conformity with this, no cyclization whatever is observed. A very 
special instance of the closure of the four-membered ring by this method 
has been reported by Stark, who obtained “demethylated pinone” by 
heating the calcium salt of hexahydroisophthalic acid . 25 


ch 2 c-co 2 h CH 2 ^CK 

I I ~ > I I 

CH 2 CH 2 CH 2 | CHa 


'C-COoH 


S -CH / 


II 


In place of the calcium salt, others, such as the barium, cerium, 
yttrium, and thorium compounds, have likewise been subjected to 
thermal decomposition. Ruzicka and Brugger have shown that the 
thorium salts often give much better yields than the calcium salts. Using 
this method, Ruzicka, Stoll, and Schinz have prepared cycloalkanones 
having very large rings ." 6 Cycloalkanediones are also obtained. 

/CO*H / C0 \ 

(CH 2 )« (CH,) w =CO. (CH 2 ) n (CH 2 )„ 

\» 2 ii cc / 


The largest ring so far reported is a cycloalkanedione of thirty-four mem- 
bers. These compounds will be described in more detail in a subsequent 
section. 

The mechanism of this reaction is inherently obscure. It is known, 
however, that the yields depend to some extent on the metal used. This 
is clearly set forth in the following table, which contrasts the yields 
obtained by the use of thorium salts with those afforded by the old 
method (using calcium salts). 

Per Cent Yield or 
Cycuulkanone Using 


Acid 

Calcium Salt 

Thorium Salt 

Glut uric 

0 

0 

Adipic 

45 

15 

Pimelic 

40-50 

70 

Suberic 

35 

50 

Azeluic 

5 

20 


Recent work indicates that the ring closure resembles the Dieckmann 

?i Stark, Iter.. 45, 2360 (1012). 

28 Ruzicka, Stoll, and Srhixiz, //<•/<>. ('him. .lefa, 9, 240 {1926). 



so 


ORGANIC CHEMISTRY 


reaction, the salt of a keto acid being formed and .subsequently decom- 
posed to give the cyclanone. 27 

yCOaM yCO y CO 

(CH 2 )„ -> (CH,)„ | -> (CH 2 )„ j 

' x ch 2 co 2 m x chco 2 m \dh, 

In an attempt to formulate a rational explanation of the variation in 
yield with increase in the number of atoms in the ring ltuzieka and his 
co-workers 28 postulated that the cyclization depends on two factors. 
One, the distance between the ends of the chain, will obviously favor t!,e 
formation of small rings and oppose that of large rings. The second fac- 
tor, according to the theory, depends on the intrinsic stability of the 
rings, and will, in consequence, favor the formation of si rainless rinys. 
Expressed graphically this postulate pictures the actual yield (curve c> 
as the resultant of the “distance fact or * (curve a) and the strain factor 
(curve 6) as shown in the following figure: 



Fig. 4 * 

An interesting and useful modification of the foregoing method was 
developed by Blanc, who found that slow distillation of the anhydrides 
of certain dibasic acids produced cycloalkanones. 29 Only a little cyclo- 

27 Neunhoeflfer and l*nsr-hkc, Bit., 72B, 01!) (1939). 

28 Ruzicka, Bnigger, Pfeiffer, Schinz, and Stoll, H»r., 9, 499 (1920). 

* From Ituzicka arid co-workers, Ildv. (’him, Acta, 9, 499 (192r>j. (Cnurleay of the pub- 
lisher*.) 

29 Blanc, Compt. rend., 144, 135G (1907). 
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heptanone could be produced in this way, and even for cyclopentanone 
and cyclohexanone the yields did not exceed 50 per cent. Alkyl groups 
have a remarkable effect on the yields obtained as is shown by the follow- 
ing illustrative examples, in all of which the yields are nearly quantitative. 


CH 2 — ch 2 
! ^>co 
cii 2 -chch 3 


CH*-CH* 

I 

CH — CH2" 
CII3 


>CO 


cii 2 -ch 2 


1 



CHr-C-CH(CHj)» 


CH 3 


CHr-CtCH,), 

i ) c ° 


CHi-CH* 


CHaCH-CH^ 
CII3CH— ch/ 


>co 


chi— ciicm 
^>co 

CII 2 — C 1 ICII 2 CH=CH 2 
CH, 


/C, 


CII 2 


CO 


; CH,CCH, 


CII 2 


CH* 


X CH 

CH 2 C(CH 3 ) 2 


CH*^ ^€0 
CH,CII: 


ch 2 -chch 3 



c — 



(CH 3 ) 2 

This is a striking example of the general rule that the presence of alkyl 
groups and particularly the gem - methyl groups ((CHa^C) enhances 
the tendency of a chain to undergo cyclization. The original strain the- 
ory of Baeyer lakes no account of the influences of substituents. 

Blanc's results are summarized in what is known as Blancs rule, 29 
which states that when adipic and pimolic acids are heated with acetic 
anhydride and then dislilled (at about 300°) cycloalkanones are formed, 
whereas succinic and glutaric acids under similar conditions yield cyclic 
anhydrides. Blanc’s rule has been used frequently in determining the 
constitution of dibasic acids of the hydroaromatic series. 30 It is now 

30 Wind mis, Hurled, and ltevcroy, Ber., 56, 91 (1923). 
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known that this rule is not always valid; sometimes when the two car- 
boxyl groups are attached to different rings, a sevcii-membercd anhydride 
forms. 31 

Perkin’s Method. The method of Perkin, already mentioned (p. 67), 
involves the use of compounds containing active methylene and methinyl 
groups together with poly methylene halides, and is capable of wide 
variation. Perhaps the simplest example is the preparation of cvclopro- 
panecarboxylie acid from ethylene bromide and malonic ester. The 
condensation takes place in the presence of sodium ethoxide and involves 
two steps.* 

CH 2 Br /C0 2 CJI 5 CH- /C0 2 C 2 IT 5 CH~ XJO, Cdh 

CII ; Br 2 x C0 2 C ; H s ClbBr N^O-C-II* CIl/ 

Saponification of the ester yields 1,1-cyclopropanedicarboxylic acid 
which when heated passes into the monobasic acid by loss of carbon 
dioxide. 


C1U COsCoIIi 

\ / 

( 4 II =X /COslI 

CIbv 

■\ 

c 

> ' Y 

— cnctvi 

C\\/ X C0 2 CVb 

cii/ \:o 2 n 

ni/ 


The method has been used similarly for the preparation of the corre- 
sponding four-, five-, six-, and sevcn-moinbored rings. The yields corre- 
spond approximately to the predictions based on the assumption that 
the tendency of a ring to form is governed by the amount of strain it 
possesses; i.e., they fall in the following order: (V, > C* > > C 1 ;* > (V 

In the case of the cyclopentane derivative the yield is nearly quantitative. 

Similar results are obtained with acetoacetic ester. Thus, with totra- 
methyleno bromide the principal product is ethyl 1-accto-l-cyclopentanc- 
earboxylate. 32 


CH 2 CH 2 Br 


+ CHi 


CII 2 CII 2 Br 


/C0 2 C 2 H,s 


n coch. 


Na< KWh 


ClUClh^ yOhCtiU 
c 

i\hC,u/ \'()CI[ 3 


Hydrolysis and decarboxylation in these cases lead to the formation of 
the corresponding cycloalkyl methyl ketones. 

^COall / CH2 \ 

(CH 2 ) n C — (CII 2 ) n CIICOCII 3 

\ai/ x cocHi ^ch/" 

11 Windaus, Z. phyxiol. Chrm., 213, 147 (1932;. 

* Meinrkc, Cox, and MrKIvain showed that use of the magnesium derivative of malonic 
ester led to the formation of a smali amount of 1 , 1,4 ,4 -tetr near be th ox y cyclohexane. 
J. Am. Chem. fi or., 67, 1133 f 103-5; . 

n Goldsworthy, J. Chem. Soc., 377 (1934;. 
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This synthesis has been carried out for the cases in which n - 0, 2, 3, 
and 4, but not for that in which n = 1. In the condensation with ethyl- 
ene bromide the second phase of the reaction gives a second product 
derived from the enol form of the ketone. 


CII 2 -CII 

I N 

ClI 2 Iir 


/CO2C2II5 


"'CO c» 3 


CH 2 -CC0 2 C 2 H 5 

I !! 

OH, CCH, 

\/ 


In the case of trimethylene bromide (a = 1) the cyclic ether— a deriva- 
tive of dihydro- 1,4-py ran — is the sole product. 

Of particular interest is the resolvable (p. 340) spiroheptanedicar- 
boxylic acid prepared from pentaerythritol by the following series of 
transformations: * 


HOCH^ ^/CHaOH BrCH 2 ^ ^CHjBr 
C -* C 

HOCH/ 7 \:il 2 01l BrCn/ \:H 2 Br 

C 2 H 6 0iC\^ BrCII^ ^CH s Br ^C0 2 C 2 H s 
CH 2 + C + CH* 


N&OCiffj 
> 


CilhOaC 7 iirCIl/ CII-Br N C0 2 C 4 H 6 


CjIIACs^ 

/ CH *\ 

/CH N 

yCOAH-, 

C 

' c 

■ c 


CjHAc/ 

'Vn,/ 

\u/ 

\x«yi» 

HOsCx 

/ c, \ 

/CU N 

/CO.H 

< 

! ( 

? c 


mt'/ 

w 

w 

\x>,h 

n \ 

i 

/CH,\ 

/ C,I N 

-CO, II 

\ 

HOsC' 7 

w 

\:h/ / 

\h 


Methods were also devised by Perkin for the synthesis of cyclic acids 
in which the carboxyl groups were situated on different carbons. The 
following examples will suffice to show the broad scope of these methods. 

* The arid was prepared by Fccht, [Ber., 40, 3SS3 (1907)] and resolved by Backer and 
Sehurink [Versing. Akad. WrteuschaptH’n Amsterdam, 37, 384 (1928)]. 
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,CH(C0 2 C 2 H s ) 2 C(C0 2 C 2 H 5 ) 2 

CH 2 + CH 2 I 2 CH2<^>CH 2 

Nx CH(C0 2 C 2 H 5 ) 2 C(C0 2 C 2 II 5 ) 2 


C(C0 2 H) 2 

cih(yc\h 

C(C0 2 H) 2 

yCH(C0 2 C 2 H 5 ) 2 
CH 2 CIIoHr 

I + I 

CH 2 CII 2 Br 

\:iI(C0 2 C 2 H 5 ) 2 

C(C0 2 H) 2 

/\ 

CUs CH 2 

I I 

ch 2 CHo 

\/ 

C(C0 2 H) 2 


chco 2 h 
-> CH/^>CH 2 
CTicoai 

C(C0 2 C 2 H s ) 2 

/\ 

CHj CII 2 

-> I I > 

CHt CII 2 

\/ 

C(C()sC*H 6 ), 

CHCOJI 

/\ 

CIt 2 CHa 

-> I I 

ch 2 ch 2 

\/ 

CHCOaH 


The synthesis of norpinic acid by Kerr 33 is a peculiar but very impor- 
tant example of this type of condensation. It involves the use of 
Guareschi's imide , 34 which is made from acetone, cyanoacetic ester, and 


ammonia. 35 

CX 

cx 

CHax CH 2 C0 2 R 

>0=0 + + XHi 

CH/ CH 2 C0 2 R 

I 

CH 3n /CH CO x 

- >Cs >XH + 2ROII + HoO 

CIl/ X CH-C(/ 

1 

1 

CX 

1 

cx 


In the presence of sodium ethoxide t he; imide condenses with inethylene 
iodide in the following fashion : 


CN 

1 

ch^, ycnca 
1 / Nxico 


CH 3 ' 


cx 

I 

Ak 


f'jHjONa A\ CO 

XH + CII 2 I 2 — -> >C< >CII 2 >XH 

ch / ay 

I I 

CN CN 


« Kerr, J. Am. Chem. Hoc., 51, 014 (1020). 
* 4 Guareschi, Atti. accwi. *c». Torino, 34. 928 (1899). 
M Kan and Thorpe, J. (Jhrm. Hoc., 116, 080 (1919). 



ALICYCLIC COMPOUNDS 


85 


Saponification of this cyclobutane derivative yields a tetracarboxylic 
acid which when heated gives norpinic acid. 


CO,H 


CH^ ^C^-COjH 

CHsv^ ^/CllCOall 

c ch 2 


CII3/ \^co 2 h 

ce / x chco 2 h 


C 0 2 H 

Norpinic acid 


If a cycloalkanone is used in place of acetone this method leads to 
the formation of spirocycloalkane polybasic acids. Cyclopentanone will 
serve as an illustration. 36 

cx co 2 h 

I I 

CHj-CHt^ .CH-CO^ CHr-ClIj^ yC— CO.H 

C MI-+ j C yClh 

Cllr- CIlX \jII-CCK CIIj-CII/ CO2II 

I I 

CN COjH 

Another method of ring closure developed by Perkin has already been 
mentioned (p. 08) ; it depends 011 the fact that compounds containing 
active methylene or methinyl groups may be caused to undergo a coup- 
ling reaction of the type illustrated in the preparation of «,a'-diaceto- 
sueeinic ester from acctoaeetic ester. To accomplish this result the 
sodium derivative of the latter is treated with bromine or iodine. 


CHsCOClICOAH, 

I 

Xa 


Xa 

I 

CHjCOCIICOAHfc 


CHaCOCHCOjCsHj, 

I 2 — * j 4" 2NaI 


CH3COCHCO2C2H3 


Applied to ethyl 1,1,4,4-butanetetracarboxylale, obtained from ethyl 
malonale and ethylene bromide or chloride, this method leads to the 
formation of the 1,2-cyelobutancdicarboxylic acid. 

35 Paul, J . Indian Chrm. Soc , 8, 717 (1931). 
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C 1 1 2 — C (CO 2 C 2 H j) 2 

| 

Na 

Na 


+ Br 2 


CIl2-C(C0 2 C 2 H 6 ) 2 

I I 


CFlr-C(COsH)i 


CH2-C(C0 2 C 2 H 5 ) 2 CIIj-CCCOsC.^II^s CH 2 - C(CO*H)» 


CII 2 — CHCOall 
CH2-CHCO2II 

This method can also be used to effect a dimolecular condensation. 
Thus, von Pechmann 37 prepared ethyl cyclohexane-1, 4-dion<^2, 1^5, 6-t.ot- 
racarboxylate from ethyl acetonedicarboxylate in the following manner: 
COsCnH, CO 2 C 0 IU CO.C 2 U 3 CihCilh 

I I I I 

XHNa I 2 XaCik ATI CIL 

CO<( XX) -> C(\ 

X CHXa I 2 XaCTr XTI CIV 

I i I I 

COiCjlI* COiC-jIIb CO2C2H5 CO2C2H5 

Cyclization by the Elimination of Hydrogen Halides. A molecule 
which contains an active hydrogen atom and a halogen atom suitably 
situated with respect to it can frequently be caused to form a ring by 
loss of a molecule of hydrogen halide. The second step of Perkin’s 
original method is an. example of this: 

CH 2 CH(C0 2 C 2 H 5 ) 2 Na(K . Hs niov 
| > I XXCOaC-lIi), 

CHiBr CIl/ 

Markownikoff and KrestownikolTs early synthesis of 1,3-ovclobutanc- 
dicarboxylic acid (p. 67) apparent I 3 ' belongs in the same category. 

Similar to this is Perkin’s synthesis of 1,2-cyclupropanedicarboxylic 
acid from a-bromoglutaric ester by treatment, with potassium hydroxide. 

XTIRrCOoR /IICO2U 

CH*< - C 11/ ! 

XTI 2 CO 2 R \lICO 2 U 

This method has l«»en employed in the preparation of a wide variety of 
derivatives of cyclopropane. 

A remarkable example of this type of cyclization is the conversion of 
neopentyl and neohexyl chlorides to 1 ,1-dimethvlcycIopropane and 1,1,2- 
trimethylcyclopropane, respectively, under the influence of sodium: 37,1 
17 v. Pechmann awl Wolrnann, H*r., 30, (1S97;. 

J7 ° Whitmore, Popin, Bern.-itoin, ;md Wilkins, ./. Am. ('h*m. Sor., 62, 1 ‘J I (Hill >; Whit- 
more and Carney, t bi/l., 63, MO-11 ). 
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The Michael condensation (p. 682) leads to many types of molecules 
which may serve for the synthesis of cyclopropane derivatives. For such 
compounds Kohler has developed a method of cyclization which involves 
the removal of a molecule of hydrogen bromide by treatment of the bro- 
mine derivative with potassium acetate in methyl alcohol. The following 
example involving the use of nitromethanc and methyl m-nitrobenzal- 
malonatc will serve to indicate the wide applicability of this method : 38 


X0 2 


XOfCHi 

\ // x co 2 ch 


no 2 


xo 2 

j=v /C02CII3 

+ CHaNOi — ( )-CH-CH< 

1 \ V | x CG 3 CH 3 


CHjXO* 


X 0 2 


/CO 2 CII 5 

v /) CII— CBr<^ 

\ // | x C0 2 CH 3 

ch 2 

I 

N0 2 


1 — CIT — C( 


/COaCHa 

XO2CH3 


C1I 

I 

X0 2 


A similar method of closing the cyclopropane ring is due to Henry, 
who found that y-halonitrilcs, when treated with potassium hydroxide, 
gave the nitriles of the corresponding cyclopropane carboxylic acids. 
By use of sodamide in liquid ammonia, 7 -ehlorobutyronitriic has been 
converted to the nitrile of cyclopropanccarboxylic acid in yields of 75-90 
per cent . 39 

CH 2 -CH 2 CN NW , CH 2 


ch 2 ci 


— > 1 >CHCX 
C 1 I 2 X 


Bruylants' modification of this method involves the addition of a Grig- 
nard reagent (p. 504) to a •y-halonitrile and leads to the formation of 
cyclopropyl ketones. 


CH 2 CH 2 CN 
I + RMgX 

C1I 2 X 


rCH 2 CH 2 CR ' 

I II 

i KMgX 

_ch 2 x 


IiMgX 
> 


ch 2x 

| >CHCR 

oh/ II 

NMgX 


u 2 o 

> 


CIV 

1 /Cl I COR 
CIV 


38 Kohler and Dsulinp, J. Am. Chart. Sor.. 52, 424, 1174 (1930). 

39 C'loke, Anderson, Lncliimum, smd Smith, ibitl.. 53, 2791 (1931). 
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The condensation of phenylacetonitrile with polymethylene halides 
in the presence of sodamide furnishes a very useful method for the prepa- 
ration of 1-phenyl-l-cycloalkanecarboxylic acids. 


/ 


(CH 2 ) n 


\ 


ch 2 x 

,CN 

/ NaNHj 

/CHr^ /CN 

+ 

CH 2 -> 

> (CH 2 )„ c -> 

ch 2 x 

^CeHt 

\jH*/ ^CeHs 






(CH*). C 



^CbHb 


This method has been used for three-, four-, five-, and six-membered 
rings. 40 

A superior method of synthesis of the cyclobutane ring involves the 
action of sodium cyanide on a,a'-dibroinoadipic esters. 41 Apparently the 
5-bromonitrile is an intermediate product and the cyclobutane derivative 
is formed from it by loss of hydrogen bromide. 


C0 2 C 2 H 5 co 2 c 2 h 6 

I I 

CH 2 — CHBr CIIsCHCN 

| | 

CH 2 — CHBr CHuCHBr 

I I 

co 2 c 2 h 5 co 2 c 2 h & 


COaCiHi 


-IIBr 
» 


CH 2 — CCN 

I I 

CH 2 — CH 

I 

co 2 c 2 h 5 


Hydrolysis and decarboxylation of the cyanoestcr lead to the formation 
of 1,2-cyclobutanedicarboxylie acid. Rydon’s synthesis of norcaryo- 
phyllenic acid 42 is based on this method. 

Thorpe’s Reaction. Nitriles having an active hydrogen atom may 
undergo dimerization in the presence of sodium ethoxide. Thus, under 
these conditions cyanoacetic ester combines with itself in the following 
fashion: 


C2H 5 0 2 CCH 2 H“ NCCH 2 C0 2 C 2 H 6 — > C 2 H 6 0 2 CCH CCH*C0 2 CjHi 

i i ii 

CN CN NH 


Applied to appropriate dinitriles this method leads to the formation of 

40 Case, ibid., 55, 2927 (1933) ; 56, 715 (1934). 

41 Fuson and Kao, ibid., 51 , 1536 (1929). 
w Rydon, Chemistry & Industry, 54, 315 (1935). 
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cycloalkanone derivatives. Ethyl c* ,6-dicyano valerate, for example, may 
be converted into a,a'-cyclopentanonedicarboxylic acid. 


CII2CH2CN 

CH 2 CHCN 

I 

co 2 c 2 h 6 


CH 2 CH; 


ch 2 ch; 


/ 


CN 


C=NH 


x C0 2 C 2 H 6 


ch 2 chco 2 h 

l y°=° 

CH2CHC02H 


ch 2 ch 2 

1 y c ° 

CU2CH2 


This acid loses carbon dioxide to give cyclopen tanone. 

This reaction has been used by Ziegler, Eberle, and Ohlinger 43 with 
brilliant success in the synthesis of very large rings. By the use of 
lithium amides it has been possible to obtain rings having more than 
thirty members. The remarkable feature of this discovery is that it 
affords yields of as high as 85 per cent of the theoretical amount. At the 
present time this is by far the best procedure available for synthesizing 
large carbon rings. 

/CHjCX / C 0 

(CH,)/ i-iNR, , (CII,)„( >C=NH 

\ch 2 cn X chcx 


It is essential that these reactions be carried out at high dilution; this 
condition, it will be seen, favors the desired intramolecular condensation 
as opposed to the intermoleeular combination. 

Dieckmann’s Acetoacetic Ester Method. The action of sodium on 
the esters of adipic and pimclic acids leads to the formation of five- and 
six-membcrcd rings, respectively. 


ch 2 ch 2 co 2 r 


< 


CH 2 CH 2 COjU 

ch 2 ch 2 co 2 r 


ch 2 chco 2 r 

I / co " 

CH 2 CH 2 

.CFTjCHCOjR 


ch 2 chco 2 h 
- | >co • 

CUjCrii 


ch 2 ch 2 


Nco 


Cli 2 CH 2 


v ch 2 ch 2 co 2 r 


CIIj ^>co 

^CHjCHa 


CHjCHC0 2 H 
ch/^ ^>C0 
\3HjCHj 


ch 2 ; 


/ 


,CH2CH 2 . 


'CHjCHj' 


Since the initial condensation product is a jft-ketonic ester it can be con- 
verted, by hydrolysis and loss of carbon dioxide, into the corresponding 
cycloalkanone; this conversion to the cycloalkanone serves to establish 
the structure of the keto ester. Also, it may be alkylated and in this 
way alkylcycloalkanones can be prepared. A general procedure for 
making 1,2-dialkylcycloalkanes depends on this method. 44 The second 

43 Ziegler, Eberle, aiul Ohlinger, Ann., 504, 94 (1933). 

44 Chiurdoglu, Bull. sci. acad. ray. Bely., 17, 1404 (1932). 
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alkyl group is introduced by the use of the Grignard reagent; dehydra- 
tion and then hydrogenation complete the synthesis. 



CH 2 — CHR 
-> | >co 

CH* — CHj 
CH 2 — CHR 
j ^>CHR' 

CHi— CII^ 


R'MgX 
> 


The acetoacetic ester method docs not give three-membered rings. 
Succinic ester reacts with sodium to give succinosuccinic ester — a diketo- 
cyclohexane derivative. 


/C0 2 R 


ch 2 


RO 2 CCH 2 

ROsC 7 


CH 2 C0 2 R 

I 

ch 2 


/CO\ 


CTi 2 

I 

ro 2 cch 


CHC0 2 R 

I 

OHo 


s co / 


Succinosuccinic 

ester 


Similarly, malonic ester is converted to a triketo cyclohexane derivative; 
the structure of this product is established by the fact that the corre- 
sponding free acid loses carbon dioxide to give phloroglucinol. 

R0 2 C x ro 2 c 

\CH 2 — C0 2 R ^ 

co 2 r CH 2 C0 2 R HO— 

-d)H 2 io 2 R R0 2 CCH ilIC0 2 R~* 

\:o // 


ro 2 c— ch 2 



A very remarkable closure of a four-membered ring was effected by 
Perkin and Thorpe 45 by use of this method. 

C 2 H 5 0 2 C— C CHCO2C2H5 C 2 H & 0 2 C -C— CHCO2C2H6 

(CHj)iC<^j j - Wa0C,H ‘> (CH,),C<(j 

CjHsOsC— CH COAHs C 2 H 6 0 2 C — C — CO 

This reaction has attracted much attention, not only because of the 
unusual structure of the product, but also because it is one of the few 
known cases in which the acetoacetic ester condensation takes place on 
a carbon atom which holds only one hydrogen atom. 

45 Perkin and Thorpe, J, Chem . Soc., 79, 736 (1901). 
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When sodium triphenylmethyl is used as the catalyst in place of 
sodium ethoxide, this type of reaction occurs readily. An example is the 
formation of ethyl isobutyrylisobutyrate from ethyl isobutyrate. 

CH S CH 3 CH 3 

2CHCO2C2H5 <CtH ‘ l ‘ CNa > CHCOCCOjCaHs + C 2 H s OH 

I I I 

CHj CHj CHj 


The keto ester forms an enolate with sodium triphenylmethyl which with 
isobutyryl chloride gives ethyl 2,2,4,4,6-pentamethyl-3,5-diketohcptano- 
ate. The latter undergoes cyclization under the influence of sodium 
triphenylmethyl, yielding hexamethylphloroglucinol. 46 


CHj CHj CHj CHj CHj 

dmcoicoc 2 H 5 - (C — )3CI % iHCoicoico 2 c 2 H 6 

1 j (CHj) 2 CHC0C1 j I I 

CHj CHj CHj CHj CHj 


CO 


(CHj) 2 C C(CHj) 2 

io io 

\(CH 8 ) 2 


A useful extension of Dieckmann’s method involves the condensation 
of oxalic ester with other esters of dibasic acids. In the case of glutaric 
esters the product is 1 ,2-cyclopen tanedione. 


C 0 2 R CH 2 C 0 2 R CO— CHC 0 2 R CO— CH^ 

| + y>CHs -> J ^>CHj -* | CH* 

co 2 u CH2CO2R co— chcojH co — ch / 


It was this special method which enabled Komppa to synthesize cam- 
phoric acid and thus to establish conclusively the structure of camphor. 
The steps in this celebrated synthesis are as follows: 

CH3 


ro 2 c— ch 2 co 2 r ro 2 c— CH— CO ro 2 c — C — CO 


1 1 

1 I 

CHjI _ 1 

(CHs)jC + 

1 

-> (CH,)sC 

1 1 

U (CH 3 ) 2 C 

1 


ro 2 c— ch 2 co 2 r ro 2 c— cii— co ro 2 c — C lI — CO 


ch 3 

I 

HOjC — C CHs 

I 

■» CHs— C— CHs 

I I 

HOjC— CH CHj 

Camphoric acid 


46 Hudson and Hauser, J. Am. Ckem. Soc., 61 , 3567 (1939). 
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Another group of syntheses of this general type depends on the 
Michael condensation; it may be illustrated by the preparation of 
dimethyldihydroresorcinol from mesityl oxide and malonic ester. 47 


CH-r 

CH 3 ' 


/C0 2 R 

CHa\ / CIIa \ 

>c=chcoch 3 + ch/ 

-> >C CO 

x co 2 r 

CH/ 1 1 


CH CH; 


ROjC^COsR 

CHyv / CH *\ 

CH3V / CHr \ 

>C CO 

)c CO 

ch/ 1 1 - 

-» ch/ 1 1 

R0 2 c— CH CH 2 

CHj CHj 


^cq/ 


Dimethyldihydroresorcinol 


Cyclodehydration. Condensations of the aldol type involving loss of 
water have been widely used in the synthesis of ring compounds. Thus, 
2,7-octanedione is converted by the action of sulfuric acid into a cyclo- 
pentene derivative. 48 

yCH 2 COCH 3 yC^COCHg 
CH 2 COCH 3 CH 2 CCH 3 

11 -» 1 1 

CHj-CHj GH,-CH 2 


Similarly, 3,6-octancdione yields a cyclopcntenonc when treated with 
10 per cent potassium hydroxide solution. 49 


CHaCHsCO 


CH 2 CH 2 ' 


/ 


ch 2 ch 3 

I 

CO 


CH 3 CH 2 C=CCH 3 

► 1 y c ° 

CII 2 — CII 2 


It is to be noted that in both these examples the course of the reaction 
is determined by the size of the ring formed ; the formation of a five- 
membered ring is favored over that of a three- or a seven-membered ring. 
Similarly, Kipping and Perkin found that the six-membered ring forms 
in preference to the eight-membered ring, as shown by the fact that 
2,8-nonanedionc gives exclusively a cyclohexcne derivative. 




CHj 

CH 2 COCH 3 

ch 2 

CCOCH; 

1 


— ► 1 

II 

CHj 

COCH3 

ch 2 

CCH 3 

\?H 

/ 

\cH 

/ 


47 Vorlander and Eri Kl Ann., 294, 314 (1897). 

48 Marshall and Perkin, J. Chcm. Hoc., 57, 241 (1890). 
4 ® Blaise, Corn.pl. rend., 158, 708 (1914). 



ALICYCLIC COMPOUNDS 


93 


Alkylidene derivatives resulting from the use of Knocvenagel’s 
method are capable of internal condensations leading to the formation 
of rings. The use of aldehydes and acetoacetic ester, for example, leads 
to the formation of cydohexenone derivatives. 


CH 3 C0CH 2 C0 2 R 

RCHO 

CH 3 C0CH 2 C0 2 R 


(C 2 H s ) 2 NH 
> 


CH 3 COCHC 02 R 

\ 

CHR -> 

/ 

ch 3 cochco 2 r 


CH 3 C OHCOaR 

/ \ 

CH CHR 

\ / 

CO— CHCO 2 R 


Another type of ring closure is represented by the condensation of 
succinic dialdehyde, methylaminc, and malonic acid in the following 
manner: 50 

CH 2 CHO CH 2 (C0 2 H) 2 CHr-CHCH 2 C0 2 H 
| CHj(CO0I)* -» | )>C(C0 2 H) 2 

CH 2 CHO HjNCHj CH 2 -CHNHCH 3 


The Grignard Method (p. 495). Certain halogen compounds form 
Grignard reagents which condense internally to give ring structures. 
Thus, 6-iodo-2-hexanone reacts with magnesium to give 1 -methyl cyclo- 
pentanol. A Grignard reagent is formulated as an intermediate. 51 

CH3CO CH3CO CH 3 — C—OH 

/ / /\ 

CH 2 CH 2 I CII 2 CHzMgl Clh CH 2 

I | + Mg — > | | | I 

CH 2 -CH 2 CHr-CH 2 CHa-CH*, 


Similarly, pentamethylene bromide when treated with magnesium and 
then with carbon dioxide gives, in addition to pimelic acid, a small yield 
of cyclohexanone. 52 


^CH 2 Br ^CHzMgBr 

CII 2 CII 2 

I + 2Mg | 

CH 2 CH 2 Br CH 2 CH 2 MgBr 

N 'Ch/' 

/CII^ 


CII* 

C0 2 MgBr 

CH 2 

V | 

CO 

1 

CH 2 

CH 2 MgBr 

* l 

CH 2 

1 

CH; 


\dh/ ^ch/ 


50 Mannich and Budde, Arch. PJumn., 270 , 283 (1932). 
E1 Zelinsky and Moser, Ber., 35 , 2684 (1902). 
62 GriEnaTd and Vignon, Compt. rend., 144 , 1358 (1907). 
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Pyrolysis of Pyrazolines. Pyrazolines arc unstable toward heat and 
decompose to give cyclopropane derivatives. 

R 

I 

/CH-NH /CHR 

ch/ | -* ch/ I + n 2 

X C=N X CHR 

I 

R 

«,j3-Unsaturated ketones and aldehydes yield pyrazolines when treated 
with hydrazine and can be converted by this method into the correspond- 
ing cyclopropane derivatives. Thus, cinnamic aldehyde gives phenylcy- 
clopropane, and mesityl oxide yields 1,1, 2- trimcthyl cyclopropane. 

N H /NH— N /CHa 

C 6 H 5 CH=CHCHO —^4 C 6 H>CH<; || -> C 6 H 5 Cl/ I 

x ch 2 — ch x ch 2 

Phenylcyclopropane 


ch 3 

ch 3 nh- 

-N 

CH; 

i ch 2 

^>c=chcoch 3 

n 2 h 4 ^ Nc/ 

1 

\ 

/ 

€<| 

ch 3 

CH 3 CH 2 - 

-CCH 3 

CH; 

, chch 3 


1, 1 ,2-Trimethylcyclopropane 


A classical example of this type of reaction is Kishner’s conversion of 


pulegonc into carane. 53 



ch 3 

ch 3 

ch 3 

j 

/CH\ 

j 

/CH\ 

| 

/CH\ 

CH, CH, NiH< 

ch 2 ch 2 

ch 2 ch 2 

1 1 

1 1 

ch 2 CO 

^ ch 2 <L 

\ / x 

X CIr N 

ch 2 ch 

\c/ 

\)H // N^CH,), 


| | 

Carane 

/ c \ 

yC— NH 


CII, CII, 

ch 3 ch 3 


Pulegonc 




Alkyl pyrazolinccarboxylates are readily made by the action of di- 
azomethane on unsaturated esters such as those of maleic, fumaric, and 
crotonic acids. It is interesting to note that maleic and fumaric esters 

63 Kishner and Zavadovsky, J. Rush. Phys. Cfurm. R or.., 43, 1132 (1911). 
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give the same pyrazoline; from these esters alkyl 1,2-cyclopropanedi- 
carboxylates are made. 


C0 2 R 

1 

CII 

co 2 r 

1 /CH 2 
CW \ 

chco 2 r 

^NH -> ^CHj 

1 + CH 2 N 2 -» 


CII 

1 

c 

1 

CHCOjK 

1 

C0 2 R 

1 

co 2 ll 



Thermal decomposition of the simple pyrazoline derivatives usually 
gives alkyl alkenecarboxylates as the main product; the more complex 
esters generally afford a preponderance of alkyl cyclopropane carbox- 
ylates. Mixtures of the two types of products are often formed; the 
following illustrates this behavior : 54 

CH3CIK 

| X N CH 3 CH 

CH 3 CH II /\ CH 3 CH 3 CH 2 C™CC0 2 CH 3 

I ll / \/ and I I 

CH a C N CII3CH C-C0 2 CH 3 CH 3 CH 3 


co 2 ch 3 

Diazoacctic ester has been used in a similar fashion. For example, 
homocaronic acid was prepared by the action of the diazo ester on ethyl 
4-methyl-3-pentenoate . 55 

CH 3 CH 3 CHCOsH 

\ \/ 

C=CHCH»C0 2 C 2 H s + NjCHCOjCjHs -> C 

/ /\ 

CH, CH 3 CHCHjCOjH 

Ethyl diazoacetate Homocaronic acid 


A by-product in this reaction is 1,2,3,4-cyclobutanetctracarboxylic acid, 
obviously derived from four molecules of the diazo ester. The analogous 
1 ,2, 3-cyclopropane tricarboxylic acid results when maleic ester is used. 


H0 2 CCH~CHC0 2 H 

1 1 

HOjccii-ciicosH 

1 ,2,3 , 4 -Cycl 1 >!>ut.anetetra- 
carboxylic acid 


/CHCO z H 
II0 2 CCH<( 1 

X CHC0 2 H 

1 ,2,3-flyclopropane- 
tricarboxylic acid 


As a side light on the influence of substituents on stability it may be 
pointed out that carboxyl groups, when situated on different carbon 


54 v. Auwers and Konig, Ann., 496, 252 (1932). 

66 Owen and Simonsen, J. Chcm. ISoc., 1225 (1933). 
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atoms of these small rings, greatyl enhance the stability. The conversion 
of ethylenic compounds into cyclopropane derivatives by the diazoacetic 
ester method is very general. Buchner has shown that even aromatic 
rings are attacked. Benzene is transformed in the following fashion: 


/ 

CH 

I 

CH 

% 


CHv 


CH 


CH 


CH y 


/ 

CII 


CH. 


+ n 2 chco 2 r 


\ 

CHv 


)CHC 0 2 ll 


CII 


CH 7 


Oxidation converts the above product into 1,2,3-cyclopropanetricar- 
boxylic acid. 


METHODS OF RING EXPANSION AND CONTRACTION 

Many reactions of alicyelic compounds produce a change in the size 
of the ring. These are of particular interest from the standpoint of the 
strain theory, which carries the implication that such transformations 
have as their driving force a diminution of ring tension. In support 
of this may be cited numerous examples of expansion of the smaller 
(strained) rings and of contraction of large rings, and it. was believed 
that these constitute strong evidence for the soundness of Baeyer’s origi- 
nal theory. However, a more careful study of such changes has shown 
that they cannot be correlated in any simple way with the strain which 
the rings are supposed to possess. Some examples will serve to indicate 
the difficulties involved. 

The Demjanow Rearrangement. The action of nitrous acid on cyclo- 
alky Imethylamines is a general method for ring expansion. Cyclobuiyl- 
methylamine will illustrate the behavior of this class of amines. In 
general, four products arc obtained; in this instance they are eyclopen- 
tanol, cyclopen tone, cyclobutylcarbinol, and mcthylcnecyclobutane. 




r CHr-CHCIIjOH 

1 t 

ch 2 - 

-c=ch 2 

1 



1 1 

1 CII* — CII 2 

1 

CII2- 

-CII2 

CII2 — CHCH2NH2 

1 1 

II NO, j 

Olohutyl- 
| oarbinol 

Mot hylrn oryrl 0 - 
butuue 

CHa— CH 2 


CH 2 — CH*. 

ch 2 - 

CH \ 



1 1 )CHOII 

1 

>CII 



CH2-CH/ 

Oils- 

•CH* 



^ Cyrlt ipiHiliinijl 

Cydi 

upon to lie 


The three-, five-, six-, and eight-membered rings have also been trans- 
formed in this way. Obviously, ring strain is not the primary cause of 
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this change, for it proceeds with especial readiness in the case of cyclo- 
hexylmethylamine (60 per cent yield). Also, Ruzieka has shown that 
the rearrangement from the cyclooctyl to the cyclononyl ring gives a 
20 per cent yield of cyclononanol ; here the rearrangement can hardly be 
ascribed to strain alone. 

Equally difficult to correlate with the strain theory is the ring con- 
traction which cyclobutylamines undergo when treated with nitrous acid. 
In addition to the normal cyclobutanol some cyclopropylcarbinol results. 

CII2-CHNH2 ch 2 -choh ch 2x ch 2 oh 

1 I - HN % I | and I \| 

CHjj-CHj! CH2—CH 2 CH2 — — CH 

The cyclobutylamines derived from truxinic and truxillic acids undergo 
a similar change/’ 6 

IIOiCCH-aiCeHs 

1 1 \ 

OoIIiCH - CHNH 2 \ 

ho 2 cch-chnh 2 / 

I I / 

CfiHsCH— CHCeH 5 


HO 2 CCH — -CH 

I /I 

CeH-jCH/ CH(OH)C 6 H 5 


The Pinacol-Pinacolone Rearrangement (p. 971). The rearrange- 
ment of cyclic pinacols has been shown by Meerwcin to obey the general 
rules known to hold for acyclic pinacols. Attention is directed to the fol- 
lowing examples: 


CH<*CHov 

I 

CH 2 CH 2 ' 


on on 


I/CH3 

~\)H 3 


ch 2 ch 2 

ch 2 <^ \co 

CH 2 C(CH s ) 2 


Oil OH 

/CIHCH | | 7 CH 3 

cii/ >c — c< 

xni 2 cH/ x ch 3 


yCH 2 OH 2v / CHs 
CII< X-COCHj 

N/HoCH/ 


and 


CH,CH 2 CO\ 

| >C(CH 3 ) 8 

cii 2 cii 2 ch< 


The fact that expansion of the cyclohexane ring is less complete than 
that of the cyclopentane ring in these cases may be an indication that a 
resistance is encountered in the former which is not present in the latter. 
This accords with the strain theory in its original form. 

66 Stoormer, Sehenok, and I’ansegrau, Ber., 60B, 256G (19'J7). 
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A number of transformations have been observed which appear to be 
closely related to the pinacol-pinacolone rearrangement. Many of .these 
involve a change of a six- to a five-membered ring, and so serve to com- 
plicate the problem of correlating such changes with ring size. Treat- 
ment with silver nitrate converts l-methyl-2-iodocyclohexanol into 
cyclopentyl methyl ketone. However, the primary product is 2-methyl- 
cyclohexanone. 57 

yClhCKl^yOK CHsCH^ ^CHzCH^ 

CH. C -» | CHCOCHa and CH; CO 

NtHsCHj/Nth, CHjCii/ NsHjCh^ch, 

CyclojM'ntyl methyl 2-Methylc’y<‘]ohexa- 

ket»me none 

(10 per rent) (90 per eent) 

Similarly, cyclohexene oxide, when treated with magnesium bromide in 
ether solution, is converted into cyclopeutanealdehyde. 


/ C,I N 

CH 2 CII 

I i 

CH, CH 

W 


CHj-CHjv 
| >CHCH0 

CH 2 — ch 2 / 

Cyclopentanealdehyde 


However, under the same conditions cvclopcntene oxide does not yield 
a cyclobutane derivative, but rearranges to cvclopentanone. 58 

The Wagner Rearrangement (p. 1019). The dehydration of cyclic 

Cv , 


alcohols containing the C— C— C(01I) grouping may produce either ex- 

I 


pansion or contraction of the ring, as shown by the following examples 
(Meerwein) : 


CH2< 


,CH 2 CH 2 CHOH 

I 

CH,CH 2 C(CH 3 )2 


yClhClhCClh 

CH 2 < 

x CH 2 CIl2CCH 3 


CHj 


/ c " jCII V_c„/ CH3 

n:h 3 

! 


/CH 2 CH2\ /CIKOIIjCHj 
CIl/ >C< 

X CII 2 CII/ X CII 3 

l7 Tiffeneau, CompL rend., 195, 12S4 (1932;. 

M Clemo and Ormaton, J . C'hem. Sac., 362 (1933;. 
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Wallach’s Degradation Method. Cyclohexanones can be converted 
to the corresponding cyclopentanones by the method of Wallach, which 
involves the treatment of the dibromocyclohexanone with alkali. The 
1-hydroxycyclopent.anecarboxylic acid is always an intermediate. 


dibro™ /CW 

S^CIl/ ^ derivative CHaCH/^ 


CH2CII2V 
I >C0 
CH2CH/ 


Favorski reported a similar result with a-chlorocyclohexanones, which are 
converted by alkali into cyclopentanecarboxylic acids. 

/CH 2 CIICI CH 2 -CH 2 V 

CH< ^yCO I >CHC0 2 H 

N CH*CHf CH 2 -CH/ 


The Diazomethane Method. Diazomethane is capable of reacting 
with aldehydes and ketones in such a manner as to produce the higher 
homologs. Moscttig and Burger 59 applied this method to cycloalka- 
nones and found that cyclohexanone gave a mixture of cycloheptanone 
and cyclooctanone of which the former was the principal product. From 
cyclopentanonc the chief product was cycloheptanone. More recently 60 
the method has been adapted to large-scale operation by introducing 
nitrosomethylurethan at a suitable rate into a solution of a cyclic ketone 
in an alcohol which contains some alkaline catalyst. The chief reactions 
in the case of cyclohexanone may be represented by the following equa- 
tions, although the actual intermediate is not necessarily diazomethane. 

C 2 H 6 OCON(NO)CH 3 + ROH -> C 2 H S) 0C0 2 R + CH 2 N 2 + H 2 0 


^CHzCHz^ 

CHj CO “i~ CHjNj 


/ 

\ 


CHsCHoCHzn 

CHaCHsCH*' 


>co + n 2 


CH 2 C -CH 2 + N z 

N^HsCHs^ 


The ratio of ketone to oxide is in general about four to one. 

4 * Moscttig and Burger, J. Am. Chan. Soc., 52, 3456 (1930) ; sec also Robinson and 
Smith, J . Chcm. Soc., 371 (1937), and Giraitis and Bullock, J . Am. Chan. Soc., 59, 951 
(1937). 

40 Mccrwcin, Chem. Zenir ., 104, II, 1758 (1933) (German pat. 579,309). 
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With this method the yield of ketone falls from 63 per cent in the 
preparation of cycloheptanone to 45 per cent for the oc tan one and to 
about 20 per cent for the nonanone and decanone. 61 In this range the 
diazomethane method seems to be superior to all others for the synthesis 
of cyclic ketones. 

It has been reported that the yields increase with higher members so 
that in the range of the cyclopcntadecanone the method is again to be 
preferred. 

The reaction does not, of course, stop when one methylene group lias 
been introduced and therefore yields a mixture of ketones. This is 
illustrated by the action of diazomethane on ketone (cycloethanonc). 

In an attempt to use this method in the preparation of cyclopropa- 
none by treating ketene (cycloethanonc) with diazomethane it was found 
that the chief product was cyclobutanone; presumably the cyclopropa- 
none is an intermediate. 62 , 63 By using an excess of ketene with diazo- 
methane it was possible to isolate the hydrate and some hemiacetals of 
cyclopropanone. 

In addition to the foregoing examples of ring expansion and contrac- 
tion may be mentioned the conversion of the cyclopropyl- and cyclo- 
butylcarbinols to cyclobutyl and cyclopentyl bromide, respectively, by 
the action of hydrogen bromide; the rearrangement of cyclopentyl 
nitrite to 1-methylnitrocyclobutane under the influence of alkali; the 
formation of methyleyclopentane by the reduction of benzene with hy- 
drogen iodide at 300°; the transformation of carbazole into 3,3'-di- 
methyldicyclopentyl by the action of hydrogen iodide; 64 the reversible 
formation of methyleyclopentane from cyclohexane in the presence of 
moist aluminum chloride; and the transformation of pinene into bornyl 
chloride under the influence of hydrogen chloride. 

As has been stated, the foregoing transformations lend themselves to 
no simple explanation such as that offered by Baeyer. Indeed, most of 
them find their counterpart in the reactions of open-chain compounds 
in which strain in the Baeyer sense cannot be involved. It appears at 
present that the small rings are indeed strained; but it is equally evident 
that strain is not always the controlling factor and that frequently it is 
entirely obscured by other influences. 

sl Kohler, Tishler, Potter, and Thompson, ./. Am. ('hem. Sue., 61, 1057 (1939). 

I.ipp, Buchkrerner, and Soules, Ann., 499, 1 (1932). 

M Lipp and Koater, Her., MB, 2823 (1931). 

54 Schmidt and Sigwart, Bcr., 45, 1779 (1912). 
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METHODS OF OPENING RINGS 

Alicyclic rings in general exhibit a stability toward heat and reagents 
which is comparable to that of the corresponding open-chain compounds. 
Only in cyclopropane and its derivatives, and, to a far less degree, cyclo- 
butane and its derivatives, is there any marked instability. Even so, the 
stability of related compounds is exceedingly variable. Consequently, 
for a proper appreciation of the chemical behavior of the three- and four- 
membered ring systems it is necessary to examine their properties in 
some detail. 

Cleavage of the Cyclopropane Ring. The close resemblance in chem- 
ical behavior of cyclopropane and its derivatives to the corresponding 
olefinic compounds has already been mentioned. This point of view 
offers the most helpful approach to an appreciation of the manner in 
which the cyclopropane ring is opened by heat and by reagents. Cyclo- 
propane and its derivatives are unstable toward heat, which converts 
them to the corresponding propylene derivatives. Cyclopropane is read- 
ily reduced to propane by the action of hydrogen in the presence of 
colloidal palladium in acetic acid solution; under the same conditions 
ethylene is reduced somewhat more rapidly. Hydrogen iodide adds 
readily to cyclopropane lo give 77 -propyl iodide. Under these conditions 
propylene gives principally isopropyl iodide. 

CH 2 -CH 2 + HI -> CH 3 CH 2 CH 2 I 

\/ 

CHj 

CH 3 CH=CH 2 + HI -> CH3CHICH3 

Bromine adds to cyclopropane just, as it does to propylene, but the reac- 
tion is slower and the product is the 1,3-dibromidc instead of propylene 
bromide. 

CIIr-CHi + Br 2 -> CH 2 Br CH 2 Br 

\/ \/ 

CH 2 CHj 

CII3CII =CH 2 + Br a -* CHjCHBrCHsBr 

Whereas cyclopropane in these reactions is almost as unsaturated as 
propylene, it differs notably from the latter in being stable toward per- 
manganate and ozone. 

The case with which the ring opens, i.e., the ease with which addi- 
tion takes place, is greatly affected by the nature and position of sub- 
stituents. Alkyl groups seem to decrease the stability of the ring. Car- 
boxyl groups, on the other hand, seem to stabilize the ring, and this 
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effect, as has already been noted (p. 95), is the more marked if these 
groups are on different carbon atoms. 

Although the influence of substituents on the ease of addition cannot 
as yet be interpreted in any helpful way, the effect of substituents on the 
mode of addition is predictable on the basis of the rule of Markownikoff 
(p. 638). The problem has been carefully examined by Kohler and 
Conant, 65 who state that substituents have exactly the same influence 
upon the mode of addition to a cyclopropane ring as to an ethylcnic 
linkage, even though the resulting saturated derivatives in the two in- 
stances differ radically in structure. For example, the manner in which 
hydrogen bromide adds to cyclopropane hydrocarbons is governed by 
the number and disposition of the alkyl groups. The ring invariably 
opens between the carbon atoms that hold the largest and the smallest 
number of alkyl groups, and the principal product is always one in which 
the halogen is combined with the carbon atom that holds the largest 
number of alkyl groups. 

The addition of hydrogen bromide to cyclopropane acids loads to 
the formation of y-bromo acids or the corresponding lactones. The 
ketones behave in a similar manner. Cyelopropaneoarboxylic acid and 
benzoyl cyclopropane are examples of this sort ; with hydrogen bromide 
they react as follows: 

Clio— CHC0 2 H + HBr — CH 2 Br CH 2 C0 2 H 

\/ \/ 

Clio Clio 

CHo— CUCOCJb + IIBr -> CH 2 Br CHsCOCelU 

\/ \/ 

ch 2 ch 2 

Similarly, ethyl 1,1-cyclopropanedicarboxyIale undergoes the Michael 
reaction with ethyl malonate to give ethyl 1,1,4,4-butanetetracar- 
boxylate. 66 

CH 2 -C-C0 2 C 2 H 5 NaociHs CHsCIHCO-CdW* 

\/ \ + CHjfCOjCaHs)* > | 

CH| CO,C 2 H 5 Cll&lKCOAWUh 

These facts justify the conclusion that there is no fundamental difference 
between corresponding derivatives of ethylene and cyclopropane, and 

that the structure — C C — C=() behaves like a conjugated system. 


C 


4S Kohlor and t 'on ant, J. Am. Chcm. Sor., 39, 1404 (1917). 
lf ‘ Hone and Perkin, J, Chun. Soc . , 67, UJS (1890). 
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Cleavage of the Cyclobutane Ring. Cyclobutane is transformed into 
butane by catalytic hydrogenation at 120°, thus requiring somewhat 
more drastic treatment than cyclopropane which passes into propane 
under these conditions at 80°. On the other hand, cyclopentane is 
opened by catalytic hydrogenation only at 300 °. 67 From the standpoint 
of the tendency to absorb hydrogen in the presence of a catalyst the 
simple cycloalkanes fall in the order ethylene > cyclopropane > cyclo- 
butane > cyclopentane; this is, of course, in complete harmony with 
the requirements of strain theory. 

The type of rupture of this ring which is most frequently observed is 
a dissociation into two molecules of olefinic character. This was noted 
with respect to truxinic and truxillic acids which dissociate under the 
influence of heat to give cinnamic acid (p. 75). 

When 1,2-dibromocyclobutane is heated with potassium hydroxide, 
acetylene is produced. 

CH 2 CHBr K0H IlfeCII 
> 

CIIoCIlBr HfeCH 


THE CYCLOALKANES 

Saturated alicyclic hydrocarbons have usually been made by reduc- 
tion of the corresponding ketones and dikctoncs. Special methods, how- 
ever, have been necessary in some instances, such as that for cyclopro- 
pane, which has already been discussed. * Cyclobutane is made by 
hydrogenation of cyclobutene in the presence of nickel at 100°. This 
process must be carefully controlled since at higher temperatures butane 
is formed. Cyclopentane, cyclohexane, and cycloheptane are found in 
petroleum. An interesting synthesis of cyclodecane has been worked out 
which involves the ozonization of octahydronaphthalene and reduction 
of the resulting diketone. 68 


^CHi^ ^CIIsCOCH^ 

CH 2 C CH 2 CH* ch 2 

i ii i -» i ,i 

Oil, C CH, CII, ‘ CII, 

Nil!,/ \lIlX N'HjCOCH / 7 


/Clip 

(CH,) 4 


(CII,) 4 


The following table gives the boiling points, melting points, and heats 

87 Zelinsky, Kazansky, and Plate, Her., 66B, 1415 (1033). 

* Cyclopropane lias attracted much attention because' of its value as a general anesthetic, 
!S Hiirkel, (lercke, and Gross, Bit., 66B, 503 (1033). 



104 


ORGANIC CHEMISTRY 


of combustion of a representative group of cycloalkanes. The last column 
gives for comparison the boiling points of the corresponding paraffins. 

CYCLOALKANES 


Name 

Heat of 
Combustion 
per CH 2 
(Cal.) 

Melting 

Point 

Boiling Point 

Cycloalkanes 

Paraffins 

Ethylene (eycloethane). . . . 

170 


-103.0° 

-84.1° 

Cyclopropane 

10S.5 


-35 

-44.5 




+ 12 

-0.1 


lot) 


49 


Cvdohexane 

15S 

+7° 

81 

08.9 

Cvcloheptane 

15S 

-12 

117 

98.8 

Cvdooctane 


+ 11 5 

148 

125.8 

Cvclodecane (CkiHsi) 

1 5S 0 

0.6 

201 

173 

Cvdododeoane (CpII^) . 


01 



Cvelutetradeeane (Oi-iHM . 

| 

53 



Cvclopentadeeane (CisTI.m) 

157 

37 



Cvdohexadeeane (Ci§H :•;;>) 


57 



Cyduheptadecane (Ci?H:w) 

! 157 

| 03 



Cvdi nincosane (O^dljP 


i 46 



Cvdotetracosane (OmH-jO 


47 

1 


Cvdohexacosane 


1 42 



Cvdooetacosane (C'MIjij)* 


I 48 



Cyclutriacontane (CaoHeo) 

150 

1 

j 56 

i 



It is clear that the values given for the energy content of the cyclo- 
paraffins fully support the modern interpretation of the strain theory, 
which holds that all the rings of more than four members are practically 
without strain. They furnish no evidence of strain in cyclohexane and 
cycloheptane which, according to Baeyer, should possess negative strain. 
Moreover, ihe heats of combustion of large rings, varying in size from 
eight to thirty members, are now known, and, although the accuracy of 
the measurements leaves much to be desired, it is evident that the values 
of the heat of combustion of a OH* group in those rings agree throughout 
with the corresponding values for their aliphatic compounds and the 
homologous cyclopentanes and cyclohexanes . 69 

The parachors as well as the compressibilities of the cycloalkanes 
have been measured, and it has been shown that these properties, like 
stability, molecular refraotivity, molecular volume, specific gravity, 


69 Kuzicka and Sdilapfer, Helv. Chim. Acta, 16, USU (1933). 
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melting point, and x-ray structure (p. 1762) — abnormal for the lower 
members — become “normal” for the compounds with the larger rings. 70 


THE CYCLOALKANONES 

Cyclopropanone is known only in the form of its hydrate and alcohol- 
ates. 62 Efforts to synthesize this ketone have already been noted 
(p. 100). Also, treatment of dibromoacetone with sodium amalgam gives 
1 ,4-cyclohexanedione instead of cyclopropanone. 


/CIlzBr 


/CHa — CII2V 


2 CO 

\ 


CO 


CO 


ClI 2 Br 


v CH 2 — CH/ 


By the action of ethyl diazoacetate on ketene, Btaudinger prepared a 
compound which appears to be the enol form of a derivative of cyclo- 
propanone. 

CH2=C=0 + N 2 CHC 0 2 C 2 H* CH 2 

IV-OH 

CP 

I 

C0 2 C 2 H& 


Cyclobutanone has been made by the oxidation of eyclobutanol and 
also by treating l-bromocyclobutanecarboxamide with bromine in potas- 
sium hydroxide. Its synthesis from ketene by the action of diazomethane 
has already been mentioned (p. 100). 

The higher eycloalkanones have usually been prepared by direct cycli- 
zation by reactions which were discussed under methods of ring closure. 

Cyclopentadecanonc is of especial interest on account of its musk- 
like odor ; it is sold as a perfume under the name “exaltone.” It is similar 
in structure to the odoriferous principles of naturally occurring civet and 
musk. The former contains civetone and the latter muscone. Ruzicka's 


CII— (C1I 2 ) 7 

11 

CII-(CII,)r 


> 


0 


Civctouc 


(CH 2 ) 12 -CO 

I I 

CH 3 — CII C1I 2 

Muscone 


establishment of the structures of those two naturally occurring alicyclic 
compounds is one of the most significant achievements in this field, 

70 Uuzicka, Bockenoogen, and Edelinunn, ibid., 16, 487 (1938). 
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C VOLGA LK A NONES 


Name 

Formula 

Melting 

Point 

Boiling Point 

Cvclobutanone 

CHi— CO 

1 I 

CII--C1I* 


9S.5-99 0 

Cyclopentanone 

CII-ClIsv 
! >CO 

C11.CH/ 


130-130.5 

Cvclohexaiume 

XHCCIU 

cn< 'Co 

XJlIsCH/ 


155 4 

Cvcloheptanone. ... 

ciu 

(CH*)/ >CO 

x cu/ 


179-181 

Cycli kjetanone 

CH-.V 

(CIIj)/ >CO 

'CH/ 

42° 

74 (12 mm.) 

Cyclononanonc 

Cl I:— (C1 I:)k 

1 /CO 

ClIs-(CIIs)/ 


93-05 (12 mm.) 

Cvclodeeanone 

/(CH ; ).\ 

CH< /CO 

N (CH:)/ 

20 

i 

1(H) (12 mm.) 

| 

Cvelododecanont* 

/(Cl I j) In, 

! CH/ >CO 

X (C11 2 )/ 

50 

I 

125 (12 mm.) 

Cyclotetradecanone . 

; /(CII s ).v 

i CH/ )C() 

N (CIIs)/ 

53 

| 

j 155 (12 mm.) 

l 

Cyrlopentadecanone . 

! CHs— (C1I 2 )«. 
i t >co 

CII 2 -(CIC)/ 

03 

1 

j 120 (0.3 mm.) 

Cyelohcxadecanone . . 

/(Cl 1 :)?n 

C1I/ /CO 

X (CII,)/ 

t>4 

! 13S (0.3 mm.) 

Cyr-locosrinone 

/(CIIs),. 

CH/ /CO 

"(CH,)/ 

50 

170-171 (0.3 mm.) 

Cyelodorosanone. ... 

/(CIO), n 

CH/ >CO 

X (CH-:) 1( / 

32 


Cyr:lu<k:taf’Osarn)iir;, . . 

/(cn 2 ),,/ 

CH/ )C() 

v (cir 2 ),/ 

54 
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for it dispelled the fallacy that large rings were incapable of existence, 
and opened up an entirely new field of investigation. This work con- 
stitutes a remarkable instance of the great theoretical and practical devel- 
opments which frequently grow out of the study of natural products. 

The chemical properties of the cycloalkanones are, in general, similar 
to those of open-chain ketones. The lower members of the cyclic series, 
however, are much more reactive toward typical ketone reagents than 
are the corresponding members of the open-chain group. Thus, whereas, 
in general, only methyl ketones will form bisulfite addition compounds, 
this reaction is observed for all the cycloalkanones up to and including 
cyclooctanone. Cyclooctanone can be separated from cyclononanone by 
making use of this difference. It must be supposed that, in the smaller 
rings, the ring form leaves the carbonyl group more exposed to the attack 
of reagents than in the open-chain forms or the very large rings. 

A reaction which is of great interest is the oxidation of cycloalkanones 
to the corresponding lactones by the use of Caro’s acid. 


(CH 2 ) 



(CH 2 ) 


/CH 2 — C=0 

< i 

CH,-0 


The reaction was discovered by Baeyer and Yilliger, 71 and has proved 
to be very general. In this way, the lactones in which /i = 10, 11, 12, 13, 
and 14 have been obtained in yields of about 50 per cent of the theoretical 
amount .' 12 

The table on page 106 gives the boiling points and melting points 
of a uumber of the cycloalkanones. 


THE CYCLOALKANOLS AND CYCLOALKANEDIOLS 

Cyclopropanol is not known; efforts to prepare it invariably lead to 
the formation of the isomeric open-chain compound, allyl alcohol. 73 
Thus, this alcohol is produced when nitrous acid is allowed to react with 
cyclopropylamine. 

UNO* 

| XTIXHj -> Cll2==CHCH 2 OH 

CIl/ 

It should be pointed out that this is a Demjanow rearrangement in which 
a two-membered ring is derived from a three-membered ring. Cvclo- 
butanol, the synthesis of which Inis already been mentioned (p. 97), is, 

71 Baeyer and Villiger, Her., 32, 3025 (1899) ; 33, 862 (1900). 

72 Rusieka and Stoll, licit. Chim. Acta, 11 . 1159 (1928). 

71 Hurd and Pilgrim, J. Am. Chem. Soc., 55 , 1195 (1933). 
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however, a relatively stable substance and resembles n-butyl alcohol 
very closely in its chemical and physical properties. 

Cyclohexanol is the only cycloalkanol which is available in commer- 
cial quantities. It is made by catalytic hydrogenation of phenol in the 
presence of nickel at about 170°. It gives the usual reactions of second- 
ary alcohols. Gentle oxidation converts it into cyclohexanone, and 
vigorous treatment gives adipic acid. 

The 1,2-Cycloalkanediols. The 1,2-cycloalkanediols are of especial 
interest because of their behavior toward boric acid and acetone. Bbese- 
ken 74 has found that certain polyols, when introduced into a solution of 
boric acid, enhance its conductivity. This effect is ascribed to the forma- 
tion of addition complexes. Those complexes are formulated as boro- 
spiranic acids, of which the anions are borospirans of the following type: 


>C-(X /O— c< 

v 1 )K b 

>c— <r x>— c< j 


Apparently such complexes form only when the polyol molecule holds 
two hydroxyl groups which are close together. This criterion of the prox- 
imity of hydroxyl groups in glycols has given rise to numerous experi- 
ments, the results of which seem to support the theory that the cyclo- 
hexane ring is less rigid than those of the lower cycloalkanes. Ethylene 
glycol does not increase the conductivity of boric acid solutions, appar- 
ently because the mutual repulsion of the hydroxyl groups causes the 
molecule to rotate so as to allow these? groups to take up positions which 
are far apart. A similar result is obtained with tr««s-l,2-cyelopentanediol 
in which the hydroxyl groups, owing to the absence of free rotation 
about the line joining the carbon atoms holding them, cannot come close 
together (see Fig. oh). Confirmation of this view is seen in the fact that 
CiS-l,2-cyclopentanediol (Fig. on) greatly increases the conductivity. 
Here the hydroxyl groups are close together and, on account of the rigid- 
ity of the ring, cannot move. Similar results have, been obtained with 
substituted cyclopentane-1, 2-diols and the hydrindene-1 ,2-diols (Fig. 5c). 
(See p. 444 for a general discussion of cix-lrans isomerism.) 



Fio. 5 a Fia. 56 Fia. 5c 


Roosckon, In.it. intern, chim. Snlvay, Council chirn. J^th Council, Brussels (1931). 
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The behavior of the cis - and trans-l,2-eyclohexanediols furnishes 
striking evidence for the theory that these rings are non-planar, for nei- 
ther of these glycols increases the conductivity. This would, of course, 
be the expected result for the trans form even if the ring were planar; 
but the fact that the cis glycol does not increase the conductivity shows 
that the hydroxyl groups here arc able to move apart owing to the 
flexibility of the ring. Only the non-planar ring possesses such flexibility. 

The formation of five-membered rings of a somewhat similar nature 
has been postulated by Criegee, Kraft, and Rank, 75 to explain the results 
obtained in the oxidative cleavage of 1,2-glycols with lead tetraacetate. 
They assume the intermediate formation of a heterocyclic ring contain- 
ing lead. To the formation of this ring are attributed two experimen- 
tally observed facts: first, that the reaction velocity for a cis - glycol is 
much greater than that for a trans-g\yco\; and, second, that the ratio of 
the reaction velocity of a cis five-membered cyclic glycol to that of a 
trans five-membered cyclic glycol is larger than the similar ratio for cis 
and trans six-membered cyclic glycols. This latter fact indicates that 
the atoms of a six-membered ring do not lie in one plane. 

Glycols tend to form cyclic acetals with acetone according to the 
following equation : 76 

>C— OH 7 CH 3 >C— <X /CIIs 

I + 0=c< I >c< + h 2 o 

>c— oh x ch 3 )c—(y x ch 3 

The tendency of this reaction to go is taken as a measure of the prox- 
imity of the hydroxyl groups. As would be expected, in the case of 
ci‘s-l,2-cyclopentanediol and the m-indanediol the equilibrium lies far 
to the right. On the other hand, the trans forms give no acetals. 

1,2-Glycols of the cyclohexane and tetralin scries give results which 
resemble those obtained with boric acid. The trans forms give no deriva- 
tives with acetone, and in the cis forms the equilibrium lies far to the 
left. These results would appear to demonstrate that the cyclohexane 
ring is more flexible than the cyclopentane ring. However, the behavior 
of the 1,2-cycloheptanediols is not so easily explained on the basis of 
relative flexibilities of the rings. For here both the cis and trans modifi- 
cations readily form acetals with acetone. Moreover, both forms 
increase the conductivity of boric acid, the effect of the cis form being 
about three times as great as that of the trans. The assumption, as yet 
unproved, that the cyclohexane ring possesses a greater flexibility than 
the smaller rings leads to the prediction that these glycols should have 

75 CricRCP, Kraft, ami Hank, Ann., 507, 159 (1933). 

79 Maan, Rcc. trav. chirn., 48, 332 (1929). 
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loss effect than the corresponding cyclohexanediols. No completely 
satisfactory explanation of these results has been offered. 


ALICYCLIC ACIDS 


The monocarboxylic acids of this series present few problems which 
have not already been encountered in the open-chain series. The intro- 
duction of a second carboxyl group, however, gives rise to geometrical 
isomerism if the two groups are on different carbon atoms. Thus, 1,2- 
cyelobutancdicarboxylic acid exists in cis and irons modifications. This 
type of acid is of great interest because of the relation between ring 
structure and the tendency toward anhydride formation. 

It is a well-established fact that 1,2-dicarboxyIic acids, such as maleic 
and phthalic acids in which the carboxyl groups are near together, will 
form monomeric anhydrides, whereas similar acids in which the groups 
are far apart, as in fumaric and dimethylfumaric acids, do not form such 
anhydrides, at least not without first undergoing rearrangement. In the 
cyclobutane and cyclopentanc series, the nVl^-dicarboxylic acids form 
monomeric anhydrides, whereas the corresponding troths forms fail to 
do so. From these results with open-chain dibasic acids, it seems clear 
that the formation of cyclic anhydrides is conditioned by the possibility 
of the carboxyl groups coming into close proximity to each other. 

On the basis of this criterion, it is very significant that in the cyclo- 
hexane series both the m and the <ra/w-l,2-dicarboxylic acids form cyclic 
anhydrides. Examination of the models shows that only the strainless 
or non-planar forms possess sufficient flexibility to permit the carboxyl 
groups of i ra nx-hoxa hyd roplit ha I ic acid to approach each other. Both 
the cis and Irons modifications of hexahydroisophthalic acid form mono- 
meric anhydrides with extreme ease. Hexahydrohoinophthalic acid is 
especially interesting because the (inky drub of the transform is more stable 
than that of the cis modification. When either of the anhydrides is heated 
at 220° an equilibrium mixture is formed of which 75 per cent is the irons 
anhydride and 25 per cent the cis anhydride. 30 


/Cii^ /^\ 

( ’H a C II Vo 22o» 



(rix) 

25 per mil 


/CH 2 N 


CII 2 


/•Ily 
(-11 


\ 


rn 2 


o II 

/ W'O 

(Irrut ) 

75 |KT (’(flit 


\ 

CO 


o 


/ 


The correctness of the foregoing explanation of the formation of the 
monomeric anhydrides of Irons modifications of acids of this type has 
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been confirmed by the synthesis of the cndoethylcne derivative of hexa- 
hydrophthalic acid, the trans form of which, though strainless, no longer 
possesses flexibility and, in consequence, cannot form a monomeric 
anhydride. 



CH 2 ch 2 chco 2 h 

i i i 

CIIj CH. CHCOjH 



Many endocyclic bridges of this general type are known which, on the 
Baeyer theory, would involve strain but which can be represented as 
strainless if the non-planar cyclohexane ring is assumed. Among these 
are the lactones of cfs-4-methyl-4-hydroxyhexahydrobcnzoic acid (I), 


CH 1 -CH 1 CH 2 CII 2 



CH — C 0 C— CH 3 CH— C— 0 CHj 



and of 3-hydroxyhexahydrobonzoic acid (II) and several of its homologs. 
Examples of this type have been greatly multiplied in recent years by 
use of the “diene” synthesis of Diels and Alder (p. 76), While the 
existence of compounds of the foregoing types seems difficult to reconcile 
with Bacycr's original theory, it is interesting to note that he w T as the 
first to observe the remarkable degree to which the hexa hydrobenzene 
derivatives resemble the corresponding members of the paraffin series. 


UNSATURATED ALICYCLIC COMPOUNDS 

The cycloalkones can ordinarily be prepared by the usual methods 
of making olefins, such as dehydration of the corresponding alcohols. 
However, owing to the instability of the rings, cyclopropene and cyclo- 
butene require special methods. These have been synthesized from the 
corresponding bromides by thermal decomposition of the appropriate 
quaternary ammonium bases. 

The simplest, known cycloalka diene is cyclopontadiene. It may be 
isolated from the fore-runnings when crude benzene is distilled, and it 
has also been found among the decomposition products of heavy paraffin 
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oil. Its tendency to polymerize has already been mentioned (p. 76), 
Cyclopentadiene is remarkable because it has an active methylene group. 
Thus, the diene reacts with methylmagnesiuin iodide to give a Grignard 
reagent and methane. 

CH=CH V CH=CHv 

| >CH 2 + OH 3 MgI -» | yCHMgl + CH, 

CH^CH 7 CII=CIr 

With aldehydes and ketones, cyclopentadiene condenses to give highly 
colored hydrocarbons known as fulvencs. Benzophenone, for example, 
leads to the formation of diphenylfulvene. 

CH=CHv /Cells CH=CHv /Cells 

| )CH 2 + OC< -> | /C==C<^ + HjO 

CH=CH' X C 6 H s CH=CIv X C 6 II 6 

Di phenylfulven e 

Cyclobutadiene has not been prepared. Particular interest attaches 
to this structure, however, because it is analogous to those of benzene 
(cyclohexatriene) and cyclooctatetraone in having a completely conju- 
gated system. Cyclooctatetraone was found by Willst titter 77 to be 

CH=CH 

i i 

CII=CH 

Cyclobutadiene 

highly unsaturated and entirely devoid of the properties peculiar to 
benzene and its derivatives. Because of the striking similarity between 
this compound and styrene in chemical and physical properties, the 
earlier work has been questioned. 78 Recently several investigators have 
attempted to find new routes to cyclobctaletraene derivatives. 79 

From a consideration of the models it was expected that the intro- 
duction of a double bond into an alicyclic ring would render the ring 
less flexible and in small rings would introduce strain or augment that 
already present. 

Some energy data are available relative to unsaturated compounds 
which offer support for the theory that a fivc-membcred ring possesses 

77 Willatiitter and Waser, Ber 44, 3433 (1911) ; Willatiitter and Heidelbcr^er, Bcr,, 46, 
517 (1913). 

74 Vincent, Thompson, ami Smith, J. Org. ('hem., 3, 603 (1939) ; Goldwaaser and 
Taylor, ./. Am. ('hem. Sac., 61, 1 200 (1939). 

79 Wawzonck, J. Am. Chan. Soc., 62, 745 (1940) ; Fry and Fieacr, ibid., 62, 3489 (1940) ; 
Hurd and Drake, ibid., 61, 1943 (1939). 


CH^CII^ 
CH (II 

'VjH— CH^ 

Cyclohexatriene 
( ben sene) 


^/CII=CI[\^ 

CII CII 

II II 

CH CH 

\ch=ch/ 

Cyclooctatet rnene 
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more strain than a six-membered ring, and that the six-membered ring, 
in turn, possesses less strain than the corresponding open-chain com- 
pound. The heats of hydrogenation show that a double bond is more 
stable in a six-membered ring than in an open-chain. 

Hexene CeHi 2 H - H 2 = CeHu -f* 30.4 Cal. 

Cyclohexene Cellio + H 2 = CeHi 2 + 23.5 Cal. 

trails — — Oct&lin C 10 H 16 -p H 2 — CiqHis 24.3 Cal. 


In support of this conclusion may be cited the fact that a double bond 
in a side chain will migrate to a six-membered ring, whereas the reverse 
has not been observed unless conjugation was involved. 

The magnitude of this tendency in the six-membered ring is indicated 
by the following heats of migration: 


,CH 2 -CH 2N ^ 

// ch 2 -ch. 

2 c=ch 2 

CH 2 

C— CH 3 + 3.2 Cal. 

v CH 2 — CII/ 7 

XJIIj-Ch/ 


^CHr-CH^ 

2 C=CHCH 3 

-> ch 2 

C~CH 2 CH 3 + 3.6 Cal. 

'CHjtCH/ 7 

Nav-cm/ 


There is some evidence that the tendency for a semicyclic double bond 
to migrate to the ring is less in the five- than in the six-membered ring. 

The cycloblefins have been found to react with phenyl azide, and 
the rate of this addition is believed to be a measure of the strain in the 
ring . 80 On this basis cyclopcntenc is much more strained than the 
higher members. If these data are correctly interpreted it follows that 
strainloss unsaturated rings must contain more members than the corre- 
sponding saturated rings. 

In this connection should be mentioned the Brcdt rule, which relates 
to bridged rings. It states that in compounds of this type a carbon 
atom at a point of fusion of two rings cannot carry a double bond. Thus, 
dehydration of camphenilol does not give the normal unsaturated hydro- 
carbon, but yields santene instead. 


CII 2 — Oil— C(CH.)* 

1 

CHj 

I 

CHj — CH — CUOH 

Camphenilol 


CH 2 — CH — CCHs 


I 

ch 2 

I 

cii 2 ~ch— cch 3 

Santene 


80 Alder uud Stem, Ann., 601. 1 (1933). 
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This rule has proved to be very general 81 and lias been interpreted to 
mean that such structures would involve a great amount of strain. If 
the ring system involved is strainless as in 9,10-octalin the rule no longer 
holds. 

A special example of rings containing unsaturated linkages is fur- 
nished by the benzopolymethylene compounds. o-Benzopoly methylene 
rings are known varying in size from three members to rings of very large 
size. It is of interest to note, however, that the fonr-meinbered ring of 
this series has never been prepared. The m- and p-benzopolymothylene 
rings are very difficult to prepare. The onh* examples of this kind which 
are known contain rings of sixteen and seventeen members. 82 

Rings are also known which contain the acetylene linkage. 83 C'yclo- 
pentadecine and cyeloheptadocine have been made from the correspond- 
ing dibromides by treatment with alkali. 
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BICYCLIC COMPOUNDS 

It is now believed that the cyclohexane ring is capable of existing in 
two forms (p. 321); from their shapes these are called the “saddle” and 
“chair” forms. Owing to the difficulty of separating these hypothetical 
stereoisomers, it is generally assumed that compounds possessing this 
ring pass readily from one form into the other. 84 It should be remarked, 
however, that in this transition the ring must be supposed to assume a 
form which involves a slight increase in the amount of strain. Proof of 
the existence of two such forms has come, from studios of bicyclic ring 
systems. Several of these will 1m: considered in some detail. 

The simplest condensed ring system which may be regarded as strain- 
less is that formed by the fusion of two cyclohexane rings in the 1,2 posi- 
tions. Thus, according to the theory of Mohr (p. 69), decalin should exist 

S1 Bredt, Ann., 437, 1 (1924). 

*- Kuzirka, Buijs, and Stoll, llrlv. ('him. Actn, 15, 1220 (1932). 

sa Kuzicka, Hurbin, and Bfi-kcrioogon, ihul., 16, 498 (1933). 

* 4 Wightinan, J. Chcm. Soc., 2541 (1920). 
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in cis and tram forms. In recent years Hiickel has been able to demon- 
strate that this type of isomerism does occur in decalin and its deriva- 
tives. The /3-decalols will serve to illustrate the type of evidence which 
supports this view. 85 0-Decalol (I) has been converted through the 
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•COjII 

CHiCHjCOiH 
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docalone (II) to a cyclohexanodicarboxylic acid (III) which is known to 
have the cis configuration. This decalol, therefore, is a cis form. Similar 
degradation of the decalol melting at 75° (V) showed it to have the trans 
configuration. The acid VII is resolvable into optical antipodes and, 
thus, is pro veil to be the trans modification. The cis acid (III) is a meso 
form and cannot be resolved. 

Isomerism of this type has been demonstrated for the a-decalols, 
the a- and 0-decaIylainines, and a number of other derivatives of decalin. 
A similar type of isomerism is known in the hydrindane scries. The 
0-hydrindanol derived from III by ring closure and reduction exists 
in two geometrically isomeric forms (VIII and Villa) whereas that sim- 
ilarly derived from VII exists in one racemic form (IX). 



cis-Uydrindanols 


IX 

frani-H y dri ad&nol 


An interesting point to notice is that ris-decalin contains 4.6 cal. 
per mole more energy than the irans form — as shown by the heats of 
combustion. This difference cannot be explained on the basis of Mohr's 
theory. Differences of this order are to be found between open-chain 
isomers, such as pentane and isopentane. 

Hiickel, Forischr. Chcm., Vhysik phy&ik. Chcm 19 (4A), 1 (1927). 
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STRUCTURE 

Though the formulation of a simple definition of the term "aromatic 
character” or "aromaticity” presents certain difficulties, it may be said 
that the most important and distinguishing characteristics of the aro- 
matic compounds are associated with their peculiarly diminished unsatu- 
ration and with the pronounced tendency of these substances to the 
formation and preservation of type. Benzene clearly is an unsaturated 
hydrocarbon, for under suitable conditions it can be hydrogenated, but 
the compound is so much less reactive than the simple alkenes and 
alkynes that the unsaturation appears to be of a special, modified char- 
acter. The hydrocarbon reacts only slowly with bromine; it fails com- 
pletely to combine with hydrogen bromide; and, although it decolorizes 
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permanganate in a cold acidic solution sufficiently rapidly for test pur- 
poses, 1 the unsaturated hydrocarbon is quite stable to alkaline perman- 
ganate in the cold. Hand in hand with this unusual resistance to chem- 
ical attack is the general stability of the benzene ring system. The ease 
of formation and the stability of the unsaturated ring arc well illustrated 
by the production of aromatic compounds iu the pyrolysis of coal and in 
such remarkable, transformations as the conversion of camphor into 
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I I 

CHs CH CHj 
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p-cymene (1), or the dehydrogenation of the sesquiterpene a-selmone (2). 
Other examples are the ring enlargement and aroinat izat ion occurring in 
the dehydrogenation of cholic acid (p. 1351 ) with selenium at a high 
temperature (3), and the conversion of u-butyl-cyclopentane into o-othyl- 
toluene on dehydrogenation with palladium charcoal. 2 

The special stability of the benzemnd nucleus a s compared with less 
highly unsaturated cyclic systems is indicated with striking clarity by 
thermochemical data. Whereas early measurements of heats of combus- 

1 Wieland, B*rr., 45, 201o (1012j. 
l Kasansky and Plate, Her., 69, 1802 (UMQj. 
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tion 3 indicated that the formation of benzene from dihydrobenzene 
requires an energy input amounting to one-fifth to one-fourth that in- 
volved in the removal of two hydrogen atoms from cyclohexane or cyclo- 
hexene, it has been shown more recently by the direct determination of 
heats of hydrogenation that the conversion of 1,2-dihydro benzene into 
benzene actually is a slightly exothermic reaction (5.6 Cal.). 4 It is 
almost certain that dihydrobenzencs are thermodynamically unstable 
with respect to benzene and, consequently, that reaction 4 will proceed 
in the direction indicated under the influence of a suitable catalyst. 

(^jj + H 2 + 5.7Cal. (4) 

Halogen and hydroxyl derivatives of 1,2- and 1,4-dihydrobenzene, such 
as l,2-dibromo-l,2-dihydrobenzenc, hitherto have eluded isolation, and 
the lack of stability of these compounds probably is attributable to 
similar energy relationships. 

It is a further mark of the aromatic character that the chief reactions 
of the compounds in question are substitutions rather than additions. 
The line of demarcation is by no means a sharp one, and examples will 
be cited below of additions to aromatic compounds as well as of substi- 
tutions of alkcnes, but the general difference in the reaction type never- 
theless is impressive. In defining aromaticity, however, the type of 
reaction is given a place of secondary importance because it is in all 
probability a direct consequence of the properties discussed above. A 
distinct parallelism is easily discernible, for where the ring system is 
particularly stable and inert, as it is with nitrobenzene or pyridine, only 
substitution occurs, and that with difficulty; naphthalene and anthra- 
cene are more susceptible to any kind of reaction, they are more like 
alicyclic cthylenic hydrocarbons, and they often yield addition products. 
It is only where the stability characteristic of the aromatic condition is 
not highly developed that an addition product of a dihydrobenzenoid 
structure is capable of existence. It is properly said that nitrobenzene 
possesses a higher degree of aromaticity than benzene and that naphtha- 
lene is less strongly aromatic than the parent hydrocarbon. The greater 
susceptibility of naphthalene than benzene to addition reactions is a 
mark of its inferior aromaticity. 

That functional groups sometimes display a somewhat unique char- 
acter further distinguishes the beiizenuid compounds. When compari- 

3 Xtnhmann and Langbein, ./. prakf. Chnti., [ J] 48, 447 (ISM) ; Roth and v. Amvtrs’ 
Aim., 407, 145 (1915). 

* Kistiakowsky, ltuhuff, Smith, and Vaughan, J. -lm. CAcm. &oc., 58, 140 (IMG). 
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son is made with open-chain compounds which arc unsa titrated, how- 
ever, the differences often arc slight. The inert nature of the halogen 
atom in bromobenzene is encountered also in vinyl bromide, and the 
phenols are comparable in acidic strength to the aliphatic ends. Although 
the existence of diazoniuin compounds of the aromatic, but not of the 
aliphatic, series appears to indicate a unique property of the aromatic 
amines, it is possible that the discrepancy is due merely to lack of data 
upon which to base an accurate comparison. One real difference is that 
the hydroxyl derivatives of benzene show much less tendency to ketonize 
than do the aliphatic enols, but this is only another manifestation of (lie 
special stability of the unsaturated ring or, conversely, of the thermo- 
dynamic instability of the dihydride structure of the koto form (5). 

0 

I! 

Q 

H H 

Finally, it may be noted that the benzene ring not only is capable of 
persisting throughout many transformations of side chains and sub- 
stituents, but also functions as a closely knit unit in which each part is 
coordinated with the whole. A substituent not only influences the 
reactivity at an adjacent carbon atom but also modifies the character of 
the entire ring, and the transmittance of an orienting or activating effect 
to the para as well as the ortho position illustrates clearly the special 
nature of the aromatic compounds in this respect. 

Although the formulation of a theory which will best account for the 
special characteristics of the aromatic compounds usually is referred to 
as the benzene problem, benzene is only one representative of a large 
number of cyclic substances which possess to a greater or less degree the 
properties listed above, and an adequate theoretical interpretation 
should be broad enough to include the polynuclear aromatic hydrocar- 
bons and the unsaturated heterocycles of aromatic characteristics. 
Conversely, the modification in properties produced by fusing together 
two or more benzene rings, or by the insertion of a lietero atom, may 
serve to reveal tendencies not directly discernible in the unmodified mole- 
cule. In the following inquiry into the problem, an attempt will be made 
to assemble and evaluate the pertinent facts concerning all t he aromatic 
types. 

Benzene Formulas. There is abundant evidence from the facts of 
isomerism, from hydrogenation experiments, and from crystal-structure 
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studies that benzene contains a ring of six equivalent carbon atoms, each 
carrying an atom of hydrogen. The only problem is that of accounting 
for the fourth valence of each carbon atom. Of the many solutions which 
have been suggested, only two can be said to make use of the ordinary 
conception of the valence bond, namely, the formulas of Kekul6 (1865) 
and of Ladcnburg (1869). + The formulation which originally was given 
preference by Kekule, largely because of its simplicity, has been the sub- 
ject of continued experimental investigation and debate, and there is 
much to recommend the conception of a ring system of alternate double 
and single bonds. For a preliminary examination of the various hypothe- 
ses it will be sufficient to show why many of Kekul6’s contemporaries 
were led to consider his formula inadequate and to construct alternate 
hypotheses. One much-discussed objection was raised by Ladenburg, 5 
who pointed out that although the Kekule formula predicts the existence 
of only one monosubstitutiou product of benzene and is thus in accord- 
ance with the known facts, it allows the existence of a greater number of 
disubstitution products than are actually known. Among such deriva- 
tives there should bo two ortho compounds and, when the two groups 
are different, two meta compounds. These predictions were contrary to 


A A A A 



all experience. In many cases disubstitution products of the types indi- 
cated had been prepared by methods which utilized a different sequence 
in the introduction of the groups and only a single ortho or meta derivative 
was obtained. 

In reply to Ladenburg’s criticism, Victor Meyer 6 offered the reason- 
able opinion that the distinction between the two possible isomers 
probably is so subtle as to (‘scape detection by ordinary methods. 
Kokultty however, felt that Meyer’s stand was too weak, and he con- 
structed a mechanistic picture, the essence of which is that the double 
bonds are assumed to be in a constant state of oscillation between the 

* References to the early literature may be found in Boils tein-Prager- Jacobson, 
"ITandbuch d. org. Oliemie," 4th ed., Springer, Berlin (10221, Vol. V, pp. 173-174; good 
discussions are given in f’nhen. “Organic Chemistry," 5th ed., Longmans, Green and Co., 
London (192S), Part II, pp. 422 408, and in Meycr-Jarobson, “Lehrbuch d. org. Chemie,” 
Veit A Comp., Leipzig (1902), Vol. II, Part I, pp. 4G-7 C 

fi Ladenburg, Her., 2 , 140 (1SG9). 

0 Meyer, Ann., 156 , 293 (1S70). 

7 Kekule, Ann., 162 , 85 (1872). 
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two possible posit ions. This idea was open to the criticism that, regarded 
as a proposal of dynamic isomerism, it did not correspond with the dis- 
covery that the interchange between actual tautomers often occurs with 
measurable velocity. It is not so inconsistent with the modern concept 
of resonance (p. 1950), but in its time, the oscillation hypothesis only 
served to divert attention from the views based upon sound analogy and 
to weaken the standing of the double-bond formula. 

A further, rather serious objection to the Kekulc formula arose from 
the difficulty of understanding why, if benzene contains three ordinary 
double bonds, it is so inferior to the ethylenic hydrocarbons in reactivity. 
A lost of the later formulations were designed to express in some way the 
modified unsaturation peculiar to the aromatic compounds. The extreme 
attempt in this direction is the Ladenburg prismatic formula, which 
may be said to indicate no unsaturation at all, in the ordinary sense, and 
thus to represent a very inert and stable molecule. In the accompanying 
formula (I), a carbon and hydrogen atom are assumed to occupy each 



corner of the figure, and the positions are numbered so as to correspond 
to those of the more familiar hexagonal formulas. In order to conform 
to the Korner principle of orientation the 1,2-, 1,3-, and 1,4-positions 
must be regarded as ortho , meta, and para , respectively. Thus a 1,4-di- 
derivative (para) would lx> the only isomer capable of giving rise to but 
a single monosubstitution product. 

The Ladenburg formula actually is of only historical interest, for it 
is disproved quite definitely by a number of observat ions. Some men- 
tion of the evidence may be not out of place, however, for this will at 
least show certain of the requirements which a formula must meet in 
order to be admissible. In point of time the first demonstration of the 
inadequacy of the prism formula was that adduced by Baoyer in his 
classical researches on the hydrophthalic acids, commencing in 1886. 
The prismatic form of benzene pictured by Ladenburg would have to 
open on hydrogenation in such a way, for example, that the 1 and 3, or 
meta, positions would be adjacent to each other in the resulting cyclo- 
hexane, as pictured in formula II. Baeycr, however, developed a thor- 
ough experimental proof that substituents in the hydrogenation products 
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are not found in the positions indicated but rather that groups attached 
in the ortho positions in benzene are located on adjacent carbons in the 
cyclohexane formed.* Further objections to the prism formula are that 
it is incapable of accounting for the polynuclear hydrocarbons and that 
it does not meet the requirements of space symmetry. The introduction 
of two different groups, as in formula III, would give rise to molecular 
asymmetry (p. 221), but no such simple benzene derivative has been 
found capable of resolution, and there is no instance of an optically active 
natural product which owes its activity to the asymmetry of an isolated 
benzene nucleus. 

Perhaps the most convincing evidence is that furnished by the recent 
x-ray crystallographic studies. Investigations in this field (p. 1762) have 
shown that all six carbon atoms of benzene lie in a plane and that the 
hydrogen atoms or substituent groups radiate from the ring in the same 
plane. It is possible that the ring is slightly puckered, but any such 
deformation, must bo practically inappreciable, and it certainly does not 
represent a permanent condition. 8 From the x-ray analysis of hexa- 
methylbenzenc, and with the aid of certain inferences by Bragg 9 re- 
garding naphthalene and anthracene, Lonsdale 10 determined the dis- 
tance between carbon centers in the aromatic ring and estimated other 
dimensions of the hexamothylbenzene molecule. The results for this 
and other aromatic compounds obtained by various investigators 11 are 
in substantial agreement with those of Lonsdale, and the conclusions 
based upon x-ray measurements have been confirmed and extended by 
application of the electron diffraction method. The dimensions for the 
benzene molecule given in the accompanying figure are those reported by 
Jones. 12 The length of the aromatic carbon-carbon bond (1.40 A) is 
known with an accuracy of ±0.01 A, while the value for the C aronia tic — H 
bond (1.14 A) is subject to somewhat greater uncertainty. The estab- 
lishment of the planar nature of the benzene ring definitely excludes the 
prism structure proposed by Ladenburg as well as several other three- 
dimensional representations which have been suggested. These space 
formulas have been reviewed and criticized by Graebe 13 and by Wit-tig, M 
and they need not be discussed here. 

* For reviews of this work see: Cohen, loc. cit., pp. 440 440; Meyer- Jacobson, loc. tit., 
pp. 704 771. 

11 Ucrgmann and Mark, Per., 62, 750 (1020). 

9 lining, Proc. Phy*. Soc. (London), 34, 33 (1022); 35, 107 (1023). 

1(1 Lonsdale, Tran x. Faraday .Sec., 25, 352 (1020). 

11 Iiulwrtoton, (’hem. Hrv., 16, 434 (1035). 

12 Jones, Trans. Faraday Soc., 31, 1030 (1035). 

n Gracin'*. Bcr., 35, 520 (1002). 

14 Wittig, "^tereochcmic,” Akadcmische Verlagsgesellseliaft, Leipzig (1036), pp. 157- 
160 . 
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The experimentally determined distance separating adjacent carbon 
centers in the benzene ring is 1.40 A, and this may be said to represent 
the length of the ordinary ortho bond. It will be seen from the figure 
that a valence linkage between para carbon atoms would constitute a 
bond twice this length (2.80 A). This value is considerably greater than 
the distance between carbon centers in any known type of compound, 



as can be seen from a comparison with the results obtained for various 
kinds of linkages: u « l - C- C bond in diamond, 1.54 A; ( -C bond in 
graphite, 1.42 A; — 0.,^,],.^,. bond in normal alkanes, 1.54 A; 

C-aromaiif — ^aliphatic bond in alkyl benzenes, 1.47-1.50 A; C=C bond in 
benzoquinone, 1.32 A. It is evident that an aromatic para bond would 
represent something quite unlike any known type of linkage, and conse- 
quently that all formulas for benzene which employ such a bond must 
be considered as being of a purely speculative nature. While it is possi- 
ble that an adequate solution of the benzene problem can bo found 
only with the aid of some special hypothesis with regard to valence, it 
is well to differentiate clearly between those theoretical concepts which 
are based upon analogies with known compounds and those which postu- 
late a type of linkage not encountered among non-benzenoid compounds, 
and formulas utilizing the idea of a para bond clearly belong to the 
second, speculative, group. 

One of the earliest of the suggestions utilizing the para bond is the 
diagonal formula of Claus. The idea of a direct connection to both the 
ortho and para positions was considered to be of great, advantage in 
providing a mechanism whereby a substituent can exert an influence in 
both these positions, and the hypothesis was particularly attractive 
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during the years when little or nothing was known concerning the nature 
of conjugated systems and 1,4-additions, and hence when it was not 
yet possible to understand the close; relationship of the para carbon 
atoms on the basis of the Kekule formula. Even with these modern 
developments, the Claus formula has continued to receive occasional 
attention, as for example in the electronic interpretation of the diagonal 
formula proposed by Pauling. 15 That the Claus formula assumes a con- 



Claus, 1X67 


figuration for the carbon atom which departs widely from the normal is 
perhaps an insufficient reason for its rejection. That it calls for three 
valence bonds of twice the ordinary length, and that it requires the 
assumption that these special bonds confer upon the molecule a remarka- 
ble degree of stability, classifies the hypothesis as being not only specula- 
tive but improbable. Since aliphatic carbon-carbon bonds are slightly 
longer and slightly weaker than the aromatic linkage between ortho 
carbon atoms, it may lx- inferred that a long bond connecting para car- 
bon atoms in the benzene ring would represent a very weak linkage. 
The diagonal formula, therefore, would imply an extremely reactive 
molecule quite different in properties from benzene, Pauling 18 subse- 
quently called attention to this defect in the hypothesis which previously 
he had supported. The chemical evidence is of a negative character, 
but it points in the same direction. By partial hydrogenation (Baeyer) 
or by ring cleavage. (Th. /incke) one of the unsaturated linkages can be 
opened under conditions not likely to affect the remaining centers of 
unsaturation. The latter appear in the reaction products not as para 
bonds but as ordinary double linkages. Examples of such reactions will 
be given later. 

The theoretical objections to a para bond of any sort, apply equally 
well to the structure suggested by Dewar and utilized in Graebe’s anthra- 
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cone formula. There is some justification for representing the meso 
carbon atoms of anthracene as being connected by a long, weak bond in 
order to account for the great reactivity at these positions, and the 

18 PiiuliiiR, ./. Aw. Chrm. Soc.. 48, 1132 (1020). 

16 Pauli hr and Whriand, ./. Client. Phy*., 1, 302 (1933). 
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Graobe formula will bo given further consideration in a lator section. 
As applied to benzene, the formulation received little attention until 
revived by Ingold 17 in 1922 in order to account for the transmission of 
a directive influence to the para position. Some secondary hypothesis 
is required to provide for the known symmetry of benzene, and Ingold 
considered the Dewar formula to be an intermediate phase of oscillation 
between the two Kekul6 structures. It would, however, represent far 
too reactive a structure to have a finite existence in the chemical sense, 
for activity would arise not only from the para bond but also, as remarked 
by R. Robinson/ 8 from the two isolated ethylenic linkages. 

The Armstrong-Baeyer centric theory 10 represents a speculation of 
still another kind. The fourth valence of each carbon atom is not con- 
sidered to be connected to any other atom but is pictured as being 
directed toward the center uf the nucleus. It is supposed that the par- 
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tial valences effect a neutralization of energy at the center, that by their 
mutual action the combining power of each is rendered latent. The 
centric formula has had a certain appeal because it gives formal expres- 
sion to the fact that the benzene ring possesses certain peculiarities, but 
one might argue that the same purpose would be served by the use of 
a plain hexagon latolcd “Ar. M The hypothesis of stabilizing partial 
valences in no way solves the mystery of the stability of the ring; it 
simply states the problem in a different way. The lines directed toward 
the center are not intended to represent free, valences, and it is dif- 
ficult to assign to them any real physical meaning except, perhaps, that 
the formula may lx* taken to indicate a cluster of six electrons at the 
center of the carbon ring. This and other electronic conceptions will be 
discussed below. For the present it may be noted that, since the centric 
formula is beyond the reach of experimental evaluation, its only claim 
to merit would have to be derived from a demonstration of its usefulness 
in the correlation of facts. Bamberger 20 attempted such a correlation 
in the field of those unsat ura ted heteyelerocs which possess to a greater 
or less extent the properties characteristic of the aromatic condition. 
His representations of a few of these substances are shown in the formu- 

17 Infold, ./. Cfam. .s W., 121, 113:} (1922). 

li! Robinson, Arm. Itejilx. ('farm. Son. ( London ), 29, SO (1922). 

19 Armstrong. J. Chnn. Sue., 51, 204 (1887; ; Btinyer, Ann., 245, 1*21 (1SSS) ; 251, 2N >> 
(1889); 269, 188 (1892). 

20 Bamberger, 24, 1758 (1891 j ; Ann., 273, 373 (1S93>. 
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las. The formula for pyridine resembles closely that for benzene, and 
the trivalency of nitrogen is in accord with the fact that pyridine forms 
stable salts and alkyl halide addition products. In pyrrole, however, 
the nitrogen atom is assumed to be pentavalent, and the fact that this 
heterocycle does not form stable salts is laid to the utilization of the 
salt-forming valences of nitrogen in contributing to the centric system 
of the ring. In the same way, thiophene and furan are regarded as con- 
taining tetravalcnt hetero atoms, and indeed the former compound does 
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not add alkyl halides. According to Bamberger, all these heterocycles 
resemble benzene in having six valences directed toward the center, and 
hi* took it as axiomatic that the aromatic character is in each case due 
to the hexacentrie system. 

This view, though interesting and suggestive, is open to certain objec- 
tions. In a paper of 1804, knorr 21 criticized Bamberger’s formulas for 
pyrrole and pvrazole on the ground that open-chain compounds having 
only alkyl groups or hydrogen atoms joined to pentavalent nitrogen, 
analogous to the hypothetical structures, were entirely unknown. The 
hypothesis becomes no more reasonable now that such compounds have 
been discovered, for they are highly unstable substances entirely dif- 
ferent from pyrrole, and the fifth alkyl group is held by a valence which is 
very closely akin to a polar bond (p. 1837). It may be argued further 
that some of the alkylated pyrroles do appear capable of salt formation, 
while retaining the aromatic properties. It is also worth noting that 
the weak basicity of pyrrole can be explained just as well by means of the 
double; bond formula (IV). On this basis, the heterocvcle is comparable 
with an imide (V) or with diphenylamine (VI), and the lack of strong 
salt-forming qualities is attributable to the presence of unsaturated sub- 
stituents joined to nitrogen 22 (see p. 210). 

Like Armstrong and Baevcr, Thiele - :l sought to account for the dimin- 
ished unsaturation of benzene by the use of anovel conception of the nature 
of valence. Starting with the Kckule formula, and with the idea that 

21 Knorr, .4n«, 279, 1SS (1894). 

22 MarrkwaM. .•!««., 279, 1 (18M). 

23 Thiele, Ann,, 306, V>5 (1899). 
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a partial valence is associated with every imsatu rated atom, Thiele sup- 
posed that the six partial valences of benzene, VII, neutralize each other 



H H II 


IV v VI 

in pairs to form three inactive double bonds, as in VI II. The original 
double bonds are thereby rendered inactive as well, and the distinction 
between these bonds and the newly formed linkages may be so slight 
that the final result is perhaps best represented as in IX. Any difference 



VII VIII IX 

Thiele, 1899 


between ortho positions vanishes, and benzene is represented as a sym- 
metrical ring of six inactive, semi-double bonds which are regarded as 
conferring upon it a special stability. Thiele's second formula amounts 
to practically the same tiling as the centric formula, for in each case 
there is pictured an internal neutralization of the fourth valences of the 
ring atoms. There is the difference, however, that, although Thiele did 
not provide a theoretical mechanism whereby the supposed neutraliza- 
tion or dampening might take place, and although the partial valences 
cannot be said to possess a physical reality, Thiele did develop a con- 
ception of the reason for the inertness of the benzene ring based upon a 
rational comparison with open-chain compounds. It is quite generally 
true that a conjugated system is more stable and more prone to function 
as a unit than a system of the same degree of unsal unit ion but lacking 
the feature of conjugation. According to (lie Kekule formula, benzene 
contains a particularly symmetrical, closed conjugated system of double 
and single linkages, and this feature may well confer upon the molecule 
a special stability. It is difficult to see any great advantage in the 
attempt to express; this idea by means of a special formula such as VIII, 
for the curved lines have no significance in terms of the modern con- 
ception of the nature of the chemical bond. The simple Kckull formula, 
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interpreted as indicating a special type of conjugation, serves just as 
well, and the contribution of Thiele to the general problem was in con- 
centrating attention on this interpretation, 

Although this structural feature is doubtless of considerable impor- 
tance, it appears that the idea of conjugation alone does not solve the 
problem. If the aromatic character of benzene were attributable solely 
to a symmetrical, cyclic system of alternate double and single bonds, 
cyclooctatetraene (X) might be expected to possess the same inert, 
stable character as benzene. Willstiitter 24 prepared a hydrocarbon 

CH=CH 

/ \ 

CH CH 

II II 

CTI CH 

\ / 

CH=CII 

x 

presumably having this structure and found that the substance is yellow, 
decolorizes permanganate instantly, forms a dibromide and a hydrogen 
bromide addition product, and rearranges casilj' when in a slightly 
impure condition to a more stable product, possibly having a bridged 
structure. Hurd and Drake 25 have noted that no proof was pro- 
vided that the Willstiitter hydrocarbon has a conjugated system, and 
they have expressed the view that the substance conceivably may have 
contained an allenic group. Goldwasscr and Taylor, 26 finding that cyclo- 
octenc on catalytic dehydrogenation at temperatures above 400° gives 
styrene, suggested that the supposed cyclooctatetraene may have been 
styrene, but in view of Willst titter’s identification of cyclooctane as the 
product of the catalytic hydrogenation of the unsaturated hydrocarbon 
this conjecture hardly seems admissible. Confirmation of the structure 
and properties of the hydrocarbon, to be sure, is highly desirable. At- 
tempts to synthesize benzo and dibenzo derivatives of cyclooctatetraene 
have been initiated. 27 If Willstat tor’s observations regarding cyclooc- 
latetracnc are sustained, the properties of the hydrocarbon perhaps con- 
stitute a serious objection to the Kekule cyclohexatriene formula for 
benzene. It is possible, however, that the real anomaly may be in the 
nature of cyclooctatetraene rather than benzene (see p. 213). In 
comparison with certain open-chain conjugated polyenes whose proper- 

21 Willstiitter and Wnscr, B<r., 44 , 3423 (101 1 1 ) ; Willst fitter and TteidelberKer, Ber., 
46, 517 (1913). 

2i Hurd and Drake. J. Am. Cheat . Soc., 61, 1943 (1939). 

26 Goldwassor and Taylor, ibid., 61, 12(50 (1939). 

27 Wawzom'k, ibid,, 62, 745 (1940) ; Fry and Fieser, ibid., 62, 34S9 (1940). 
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tics will be discussed in a later section, Willstattcr’s cyclooctatetraene 
appears to be more reactive and lass stable than would be expected, and 
the compound may not provide a sound basis for the evaluation of the 
Kekule formula. 

Attempts to synthesize cyelobutadienc thus far have resulted in 
failure, but from the nature and outcome of the attempts it appears 
likely that if the hydrocarbon is capable of existence it is a highly reac- 
tive and unstable compound wholly unlike benzene. A comparison of 
the conjugated four- and six-membered unsaturated structures is hardly 
appropriate, however, for the cyelobutadienc ring could be formed only 
with considerable departure from the normal tetrahedral angles and 
would surely be under significant strain. The element of strain probably 
does not arise with either benzene or cyclooctatetraene. 

It is appropriate to conclude this discussion of formulas and theo- 
retical interpretations with an account of the electronic formulations 
(p. 1970) of benzene, for these give a more concrete expression to the 
older representations and help to clarify the problem. In the electronic 
representation of the Kekule formula (XI), the carbon atoms are con- 
nected alternately by a pair of shared electrons, and by two such pairs. 
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The only essentially different formulation (other than the resonance con- 
cept discussed on p. 207) is that first suggested by Kauffmann ,JS and 
written by Kermack and R. Robinson as shown in formula XII, the 
electrons connecting the nuclear carbon atoms }>eing distributed evenly 
in triplets. The formula can be written in various ways without altering 
the essential idea which it is intended to convey. The six electrons not 
required for the single binding of the carbon atoms may be regarded as 
forming a stable association having an unspecified location in the center 
of the ring, 30 for example, or the formula may be written as in XIII. The 
sextet of central electrons is supposed to confer upon the molecule its 
special aromatic character. Goss and Ingold ai pointed out that the 
aromatic heterocyclic compounds can be correlated with benzene by 

2S Kauffrnann, “Die Valcnzlehre,” Enin*. Stuttgart (lull), p. fiat J. 

19 Kcnimek and Robinson, J. ('hem. Snc., 121, 427(1922;. 

30 Arrnit and Robinson, ihid., 127, 1004 (192a). 

31 Goss and Ingold, ibid., 1268 (1928;. 
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adopting Bamberger's hypothesis regarding the valence of the nitrogen 
atom in the five-membered rings. Pyrrole, for example, can be assigned 
the formula XI Va or XI Wb, the latter giving particular prominence to 
the aromatic sextet. Bamberger’s “rule of six” thus finds an exact 
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electronic counterpart, but the latter is no more accurate as an empirical 
classification than the former, and atomic-structure theory offers no 
explanation for the supposed rule that the sextet of electrons is responsi- 
ble for the stability of the aromatic nucleus. 

The electronic formulas XII and XIII, originating in the suggestion 
of Kauffmann, may be represented in various simplified forms, as indi- 
cated. A little reflection will show that the essential idea which any of 
the formulas is intended to express is exactly the same as that given by 

0 

Kauffmann Thiele Arnmrong-Baeyer 

Thiele's second formula, namely, that there is no distinction between 
any of the six bonds in the ring and that these are all of a different char- 
acter from any known type. It is likewise evident that if the centric 
formula of Armstrong and Baeycr can be given any interpretation in 
terms of the modern conception of valence it must take the form of this 
same Kauffmann structure, which for this purpose might be written as in 
formula XIII, above. All the formulas under discussion are really equiv- 
alent, and the idea which they represent, and which may be said to be 
embodied in t lit* hypothesis of a centric-electron structure, is that all six 
carbon-carbon linkages are identical. This view iu no sense explains the 
stability of the aromatic ring, but it suggests that this is in some way 
dependent upon a central electron-smear containing just six electrons. 
The suggestion is necessarily vague, for it is difficult to see how the static 
formula can be translated in terms of a dynamic, orbital structure. The 
position of the heterocycles in this scheme also must be regarded as 
highly specula! ive. The fundamental assumption of complete symmetry, 
however, represents a perfectly definite point of view and one which is 
perhaps capable of being tested. 
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Of the other formulas which have been discussed, that of Ladenburg 
is quite definitely excluded, and the formulas of Claus and of Dewar are 
so highly improbable that they also may be ruled out. The only alterna- 
tive to the above view is that represented by the Kekul6 formula, and 
it matters little whether this is written with bonds or with electrons, or 
whether Thiele’s curved lines of neutralization are included, so long as 
these are given no physical meaning and understood merely to draw 
attention to the conjugation. 

Here, then, are two quite definite views regarding the constitution 
of the aromatic compounds. The one postulates the presence in benzene 
of three double bonds; the other holds that there are no such linkages. 
According to one formulation the two orfhn positions may be different, 
and according to the other they are quite indistinguishable. Out of the 
enormous accumulation of facts regarding the reactions of the aromatic 
compounds there should be evidence sufficient to distinguish between 
the two possibilities, and in the following pages an effort will be made 
to evaluate the pertinent material. It also may be possible to show that 
one formula or the other offers a better explanation of certain facts and 
hence is the more likely to be true. Since the Kekule formula alone can 
be compared with known types, it must bear the entire burden of the 
proof, with respect to both the direct and the circumstantial evidence, 
and the following survey will consist largely of an inquiry into the 
validity and the usefulness of the Kekule formula. 

The Question of the Presence of Double Bonds. Evidence derived 
from reactions of synthesis and of degradation lacks convict ion because 
of the possibility that the double bonds known to be present in the 
starting materials, or found in the degradation products, disappear with 
the formation of the ring, or appear with its rupture. It may be said 
only that the Kekule formula offers a ready and satisfactory interpreta- 
tion of such reactions. Examples of syntheses which would be expected 
to yield cyclohexatrieno derivatives arc found in the polymerization of 
acetylene at 500° to benzene, the formation of mesitylene from acetone, 
and Barbier and Bouvcault’s 32 synthesis of pseudncumeue (lj. As ex- 
Cli 3 
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32 Barbier anti Bouveault, Cwipl. rwl. t 120, 1 4li(J (1S05). 
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amples of degradations which seem to reveal the presence of double 
bonds in the aromatic nucleus, mention may be made of the oxidation of 
benzene by catalytic methods to maleic acid (2), and of the oxidation 



of the hydrocarbon in the organism of the dog to muconic acid 33 (3). 
Another reaction which appears to follow the course ordinary for unsat- 
mated compounds is the oxidation of 0-naphthol with permanganate 34 
or with perarel it* acid (yield, 73 per cent ) “ to o-carboxycinnamic acid (4). 



More secure evidence for the presence of double bonds in aromatic 
rings is furnished by the isolation of certain products of addition. 
Addition products are encountered much less frequently with benzene 
than with the polynuclear hydrocarbons, but a few definite examples of 
such substances are known. Although benzene is somewhat more resis- 
tant to hydrogenation than open-chain unsaturated compounds, the 
absorption of three moles of hydrogen proceeds smoothly when a suit- 
able catalyst is list'd and all traces of thiophene arc eliminated from 
the hydrocarbon. Benzene also is capable of adding three moles of chlo- 
rine or of bromine without liberation of hydrogen halide. The reactions 
proceed rapidly under the accelerating influence of light and in the 
absence of oxygen, which has a pronounced anticatalytic effect. 36 The 
reaction with ozone is particularly convincing, for with ordinary com- 
pounds the formation and degradation of an ozonide is taken as excellent 
evidence of the presence of a pair of unsaturated carbon atoms. The 
miction of benzene with ozone does not proceed very smoothly, but 
there is formed a triozonidc which undergoes decomposition in the usual 
way to give glyoxal. 37 An addition involving only one of the three 
centers of unsat unit ion has been observed in only a single instance. 

M JrIW, Z. phliKtol Chnti., 62, 5S (1909). 

14 Ehrlich am! Benedikt, Momituh., 9, 527 (1SSS). 

3S Buesckcii ami von K«)iii^sfi k hlt, lire. trap, chim., 54, 313 (1935). 

;(0 Luther ami (lohlher*. Z. Chou,, 56, 43 (1900). 

31 Harries am! Weiss, H< r., 37, 3431 (1904); Harries, .Urn., 343, 311 (1905). 
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Buchner 38 found that diazoacetic ester reacts with benzene at 150° with 
loss of nitrogen and addition of the acetic ester residue to adjacent posi- 



tions in the l ing. The formation of a norcaradiene carboxylic acid ester 
is entirely analogous to the production of cyclopropane esters from 





>CHC0 2 R 


"CHCOoR + N 2 

'H 


aliphatic ethylenic compounds. Similar products were obtained from 
toluene and the three xylenes, while with mesitylene the cyclopropane 
derivative, if formed, is isomerized at once to a cyclohcptatricnc deriva- 
tive. 

Though it is possible with the aid of suitable assumptions to account 
for these reactions on the basis of the centric electron formula, the sim- 
plest explanation of the formation of addition products in the reaction 
of benzene with ethylenic reagents is that ethylenic bonds are present 
in the molecule. Consequently, it is a matter of importance to consider 
more fully the possible location of these bonds in some of the substitution 
products of benzene. 

The Question of Isomeric Kekule Forms. The fact that isomeric 
ortho compounds have not been discovered is a far loss valid objection 
to the Kekule formula today than when Ladenburg originally raised the 
question. A similar argument was once cited against the Saehse-Mohr 
non-planar formula for cyclohexane, and for many years the formula was 
rejected largely because it predicted two isomers where none* were found. 
Isomeric forms of cyclohexane itself are still unknown, and yet on the 
basis of other evidence the Saehse-Mohr theory fp. GO) has been firmly 
grounded. There is reason to believe? that more than one form of cyclo- 
hexane can exist, but that the difference between the forms is very slight 
and that the transformation of one form to another can be accomplished 
with very little expenditure of energy. This is no true analogy to the 
case of benzene, but rather an interesting historical parallel. There are, 
however, some analogies for the intercon version of possible isomers by 

” B,|, ‘ hn «r and Curtins, ficr., 18, 2377 (1885) ; Buchner, tor., 29, 100 (1K%) ; Buchner 
and Delbriiek, Ann., 358, 1 (1908) ; Buchner and Schulze, Ann., 377, 239 (1010) ; Buchner 
and Schottcnharnmer, Bcr 53, 805 (1920). 
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the shifting of double bonds. Methods calculated to yield the methoxy- 
indciics I and II have been found to give a single compound. 39 Another 

CII3O CllaO 



H* 


I II 

cxam])le is from the field of the heterocyclic compounds. Knorr 21 found 
that each of the isomeric pyrazole derivatives, III and Y, can be con- 
verted by oxidation of the substituted X-phenyl group, and decarboxyla- 
tion, into a methylpyrazole. The same product was obtained in each 
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cast 1 , and consequently it is seen that the structures IYa and IY6 prob- 
ably represent mobile tautomers. This methylpyrazole, it may be noted, 
is in every sense an aromatic compound, for it can be nitrated or sul- 
fonated, and on oxidation the methyl group is attacked rather than the 
ring. 

Hairs of isomers no more exist in these instances than with ordi- 
nary ortho derivatives of benzene, and this is true even though the 
iiiterconvcrsion involves, in addition to a shifting of double bonds around 
a symmetrical ring, the migration of a hydrogen atom. The view of 
Victor Meyer that the difference between the ortho isomers would be 
so slight as easily to escape detection appeal's to be altogether rational, 
(irarhe 1:1 took much the same view, but added the further suggestion 
that for each ortho compound one of the Kokule structures may be 
slightly more stable than the other, and that the conversion to this more 
stable form probably takes place with great ease. Reddelien 40 further 
remarked that the ortho isomers should be regarded as tautomeric, and 
he expressed the view that the introduction of heavy groups might 
stabilize one tautomeric form to the extent that this might be detectable, 
possibly by some delicate diagnostic reaction. He suggested the use of 
ozone, and it is interesting to note that this reagent has indeed been found 

5S [ngnlil nn<l PiRK.it t, J. Chan. Soc., 123 , 1-109 (19231. 

40 !{<'■!< Mii'ii, J. jtrukt. Chrm., [2] 91 , 213 (1915). 
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to serve the purpose. Levine and Cole 41 obtained three products from 
the ozonization of e-xylene, namely, glyoxal, methylglyoxal, and diacetyl. 
Neither form of the xylene could yield all three oxidation products, and 
hence it was concluded that the hydrocarbon consists of an equilibrium 
mixture of the two Kekule forms. This important observation has boon 
repeated and fully confirmed by Wibaut and I laayman, 4 - who isolated the 
three carbonyl compounds as the oximes in total yield of 20 per cent and 
in the ratio calculated for a mixture of equal parts of the two Kekule 
forms. 

Mills and Nixon 43 were led to suspect that the attachment of an 
alicyclic fivc-membcred ring may result in a stabilization of one of the 
Kekule forms, or a fixation of the bond structure in the benzeuoid nu- 



cleus. According to the van't Hoff model, the free i Kinds in the system 
>('=('< of an aliphatic compound lit* in a plane, and the angle a 
between each pair of single bonds is the same as that between the carbon 
valences of methane (109.5 a >. The angle which the* single* bonds make* 
with the plane of the double bond is then .\ (360° -109.5°) — 125. 25 9 
(see Fig. 2a). The angles fi and y are in this case identical and they art; 



Fig. 2tt 



considerably greater than the angle a. When the double bond becomes in- 
corporated into a Kekule ring (Fig. 2b) the situation is altered slightly, for 
the internal angle y is reduced from 125.25° to 120° to accommodate ring 
formation and a T /3 consequently is increased by 5.25°. Whether this 

41 Levine ami Cole, ./. Am. Chin. S or., 54, MS 0922). 

42 Wibaut am! Ifanyrnan. Xalure, 144, 2!H) M!»29j; .S’ rimer., 94, 4!) ( ]!I41 >. 

43 Mills and Nixon, ./. Ch cm. »S 'or... 2510 (1920;. 
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increment is considered to increase one or the other external angle, or 
to be distributed proportionately between them, 0 will remain appreci- 
ably larger than a. The conclusion is reached that the external valences 
in the Kekul6 ring are not directed toward the center of the hexagon but 
are inclined at a greater angle from the double bonds of the ring than 
from the single bonds. Mills and Nixon reasoned further that a five- 
membored ring can Ik* fused to the Kekule structure with little distortion 
of the normal tetrahedral angles if it is attached to ortho carbon atoms 
joined by a single bond (position x, Fig. 2h), for two of the smaller a 
angles are then incorporated in the new ring. If, however, the attach- 
ment were made to doubly bound carbon atoms (y), the new ring includ- 
ing the 0 angles would be under considerable strain. In consequence of 
these relationships, the Kekule form of hydrindene in which the carbon 
atoms common to the two rings are joined by a single bond should be 
more free from strain, or more stable, than the alternate form in which 
there is a double linkage between the rings. 

As a means of testing this prediction of the stereochemical theory, 
Mills and Nixon investigated the diazo coupling and the bromination of 
5-hydroxy hydrindene, the two Kekule forms of which arc shown in 
formulas Yb; and VI b. The coupling reaction of phenols is closely related 
to the coupling of aliphatic enols with diazotized amines, and it is rea- 
sonable to suppose that in each case the reaction involves an cnolic 
double bond, — C(OII)=CH— . Similarly, the ready brominations of 
phenols and enols appear to bo related phenomena and the processes 
very probably take place by analogous mechanisms. Without making 



any specific assumpt ions regarding the manner in which tin* cnolic double 
bond participates in these reactions, it can be inferred that the ortho 
coupling and ortho bromination of phenols involve substitution at the 
carbon atom connected to that carrying the hydroxyl group by a double 
linkage, rather than at the alternate ortho position. If the bonds of 
5-hydroxyhydrindene are fixed in the positions shown in ^ 1(7, coupling 
and bromination should occur at the cnolic ortho position (3, while the 
alternate form of the compound, Y16, should be substituted at position 
4. Mills and Nixon found that the substance is attacked very largely 
in the 6-posit ion (arrow), and this seemed to boar out the theoretical 
deductions. The observation, however, loses some of its significance 
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because of the fact that crs-o-xylenol (VII) yields similar substitution 
products, for this might mean that the chemical effect of the alicyclic 
ring is sufficient, without assistance from a steric factor, to direct sub- 
stitution largely into one of the two available ortho positions. On the 



VII VIII 


other hand, the contrasting behavior of O-hydroxytetralin (VIII) was 
considered by Mills and Nixon to support the alternative interpretation. 

A preferential reaction at one of two available ortho positions may 
be the result of an only moderate preponderance of one of the tautomeric 
Ivekul6 forms, or of a slight difference in reactivity between them, and 
does not necessarily indicate a rigid fixation of the bond structure. A 
test calculated to detect any fixation of a major character was applied by 
Ficser and Lothrop 44 and, more extensively, by Lothrop. 45 Diazo coup- 
ling tests were made with 5-hydroxy-O-met hylhydrindene, IX, in which 
the 6-position is blocked and only the alternate ortho position 4 is 
available, and of the derivative X in which this situation is reversed. 




Both compounds were found capable of forming azo derivatives, and in a 
weakly alkaline medium coupling with diazotized p-nitroaniline occurs 
in each case to about the same extent as observed with 2,4-dimethyl- 
phenol. The only difference noted between IX and X is that the coupling 
of the former is inhibited by strong alkali somewhat more effectively 
than is the coupling of the latter compound, or of p-naphthol. Alkyl 
derivatives of 6-hydroxytetralin similarly showed no fixation of one or 
the other bond structure. The introduction of a blocking methyl group 
at the 7-position (XI) does not interfere with coupling at position 5, and 
the 5-substituted derivative XII is attacked readily at the free position 
7 . Lothrop found further that the allyl ethers of the hydroxyhydrin denes 
IX and X undergo the Claisen rearrangement to o-allylphenols without 

4 *Fieser ami Lothrop, ./. Am. ('turn. Soc., 68, 2050 (lfttfij; 59, 04 5 (1937). 

46 Lothrop. iW.. 62, K 52 ( 1940 ;. 
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difficulty. Parallel observations were made in the fluorene series. 46 The 
results indicate that if any bond fixation exists among hydrindene and 
tctralin derivatives it can be at most of a qualitative nature and is not 
comparable with that characteristic of naphthalene (see below). 



Various observations do indeed indicate that a certain qualitative 
differentiation exists between the two Kekule forms of hydrindene, with 
respect to stability or abundance, and that this is in the direction pre- 
dicted by Mills and Nixon. Sidgwick and Springall 47 approached the 
problem bv studying the dipole moments (p. 1752) of suitable odibromo 
substituted compounds. The moment of the group Br — C — C — Br in 
0,7-dibromotctralin (XIII) was found to be 2.13, and this corresponds ex- 
actly with the result obtained for the similarly constituted dibromo-o- 
xylene and agrees well with the value calculated on the assumption 
that there is no bond fixation (2.12). For the hydrindene derivative 



XIII XTY 


XIV, on the other hand, the observed moment of 1.7$ indicates an 
essential difference in structure and is close to that calculated on the 
basis of the Mills-Xixon hypothesis that the angle between the ortho 
linkages extending to the bromine atoms is abnormally large. Studies 
of competition reactions 48 and of relative reactivities 49 of hydrindene 
derivatives point in the same direction. The use of derivatives of 
the hydrocarbon for the investigation of bond structure introduces 
some clement of uncertainty because of the possibility that the sub- 
stituent may tend to stabilize one of the Kckul6 forms. Long and 

46 Lothrop, if, id., 61. 2115 (111:19). 

47 Sidgwick iinii Springall, ('hemiatry it Industry, 47(1 (1930) ; J. Chon. Sue., 1532 
(1930). 

4,1 Lindner and co-workers, Monntsh.. 72 , 354, 355, 361 (1939). 

49 Baker, J. ('hem. S<n\, 470 (1937) ; Me Leigh and Campbell, dnd., 1103 (1937) ; Sandhi 
and Evans, J. Am. Ckcm. Sac., 61, 2916 (1939). 
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Fieser 50 found application of the diagnostic ozonization method to hy- 
drindene to be complicated by the oxidation of a considerable amount of 
the hydrocarbon to a-hvdrindone. From the part of the material which 
underwent normal ozonization, the only cleavage fragments isolated 
were those arising from the Kekule form postulated by Mills and Nixon 
to have preferential stability. Under the conditions of the experiment 
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cyclopentanedione-1,2 is converted, probably through the enol, into 
succinic acid. 

The observations as a whole show that, although there is no rigid 
fixation of bonds in the hydrindene system, a definite preference exists 
for one structure. 

Other instances of a preferential stabilization of one Kekul6 form are 
reported by Baker. From a study of various e-hydroxy-ace tophen ones, 
this investigator 51 came to the conclusion that the formation of a six- 
membered chelate ring (p. 186S) containing cobrdinatoly linked hydro- 
gen, as shown in formula XV, is dependent upon the presence of a double 
bond between the carbon atoms bearing the hydroxyl and acetyl groups. 
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The conjugation of this double bond with that, of the acetyl group appar- 
ently stabilizes the coordinate linkage, and if no double bond is available 
at this position, as in XVI, chelation does not occur. From these con- 
siderations it seemed possible that the formation of a chelate ring might 

50 Long and Kinwr, J. Am. ('font. Hoc., 62, 2G7U (1940). 

M linker, ./. Chtm. .Sue., 1GS4 flOii-p. 
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determine the Kekuld structure to a detectable extent, and in order to 
test this point Baker and Lothian 62 investigated the Claisen rearrange- 
ment (p. 189) of the 4-allyl ether of resacetophenone, XVII. In this 
compound, chelation between the hydroxyl and acetyl groups would 
require the presence of a double bond in the 1,2-position, and conse- 
quently this would result in a stabilization of the Kekule structure shown 
in the formula. The migration of an allyl group from oxygen to carbon 




CH,CII=CH 2 


occurs with aliphatic ends as well as with phenols, and no reasonable 
mechanism for the reaction can be devised without assuming the partici- 
pation of the double bond: — C(OCH 2 CH=CII 2 )=CH > — C(OII) 

= C(CH 2 CII=CH 2 ) — . If the bond structure of the resacetophenone 
ether XVII is fixed as shown, the allyl group should migrate to the Im- 
position to give XVIII, and it was found that this isomer is indeed formed 
in not less than 85 per cent yield. That the course of the rearrangement 
is controlled by the chelation in the molecule was established by the 
results of an experiment with 2-0-methyl-4-0-allylresacctophenoiie, XIX. 
The replacement of the phenolic hydrogen atom by a methyl group makes 
chelation impossible', and consequently there should be no fixation of a 
Kekuld structure. On rearrangement of the ether it was found that the 
allyl groiq) migrates largely to the' 5-position, giving the usual type of 
symmetrically substituted product. The contrasting behavior of the 
free hydroxy compound, XVIII, therefore is of definite significance. In 
order to gain some idea of the extent of the bond fixation in chelated 
compounds, Baker and Lothian investigated the rearrangement of the 


OCIL,ClI==CIIo 


OCIIj 



COCIIj 



ether XX, in which the migration of the allyl group to the favored 3- 
position is prevented by the presence of a blocking group. The rear- 

62 linker and Lothian, ibid., 62S (.10.15). 
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rangcment of the substance proceeded somewhat slowly, but the fact 
that a reaction was observed shows that the bond structure is not en- 
tirely rigid. The unusual ortho substitution observed with XVII, how- 
ever, shows that chelation can exert an influence in displacing the 
equilibrium between Ivekule tautomers, and similar observations were 
made in a study 53 of o-hydroxypropiophenones and o- hy dr oxyb on z al- 
dehydes. 

The recognition of cases in which differences exist between alternate 
ortho positions in the nucleus is opposed to the idea that- all six of the 
nuclear linkages in the ring are identical. The evidence cited constitutes 
a serious argument against all the many formulations embodying the 
concept of a centric structure. On the other hand, the feature of the 
Ivekule formula which originally was considered to lx* a weakness of this 
theory now appears to provide a means of accounting for phenomena 
which are not otherwise understandable. 

Comparison of Benzene with Conjugated Compounds. Though the 
evidence above favors the Kekulc theory, then* remains for consideration 
the problem of accounting for the inert character of benzene in terms of 
the cvclohexatrienc formula. The classical objection that this formula 
appears to represent a condition of far greater reactivity than is actually 
observed was based originally on a comparison of benzene with simple 
substances such as ethylene and acetylene, and the differences in the 
nature of the characteristic reactions and in the reactivities art* of course 
enormous. It has become apparent, however, that the double bond 
shows surprising differences in reactivity according to its environment, 
(p. 631) . An extreme illustration is that, although ethylene adds bromine 
with ease, the double linkage of tetraphenylethylono remains unattacked 
while bromine atoms enter the four phenyl groups. 54 

(C( t iI 6 )*C=C((‘eHs)a + 4Hr 2 — + -HI Mr 

In this highly substituted ethylenie hydrocarbon the relative reactivity 
of the simple types is reversed, possibly because of the conjugation of 
the double bond with the phenyl groups. 

It is indeed rather with open-chain compounds which are conjugated 
that benzene is most properly compared. It may appear odd (hat tin* 
double bonds of benzene are inert to hydrogen bromide whereas this 
reagent adds easily to ethylene, but. an entirely similar inertness is 
exhibited by diphenylbut adiene, ( '<,{[ .«;(’] |^(‘i[CH < q [ ( Various 

conditions of reaction have been tried, but. under no circumstances has 

13 Raker ami Lothian, ibid., 1274 (VXVh. 

M Riltz, Ann.. 296, 231 (1W7j; liauer, 37, 3321 n 110 It. 
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an addition of hydrogen bromide to this hydrocarbon been observed . 55 
In a study of the properties and transformation products of the a-nitro 
derivative of diphenylbutadicne, Wieland and Stenzl 56 observed further 
indications of the relatively saturated character of the conjugated sys- 
tem of the compound and of the marked tendency of dihydro derivatives 
to revert to the more stable diene type. The substance may be said to 
possess definite “aromatic” characteristics. 

Still more illuminating is the comparison afforded by the work of 
Kuhn and Winterstein 57 on the series of diphcnylpolyenes of the general 
formula CcHr,(CII=CH) n CcH 5 . One of the most striking observations 
recorded is that these polyenes are all unusually resistant to oxidation 
by permanganate and that the most stable member of the series is 
diphenylhexatriene (I). The hydrocarbon is attacked hardly at all by 
permanganate in soda solution, and in acetone the triene is oxidized 
more slowly than diphenylcthylcne, diphenylbutadicne, or even diphenyl- 
octatetraene. The difference in reactivity is by no means as great as 
that between benzene and cyelobctatetraene, but the results indicate 
that probably the length of the conjugated system is a factor of some 
importance. Diphenylhexatriene also resembles benzene in the stability 

/~\-CII=-CHCH=CHCH=CH 

I 

of the unsaturaled system in comparison with the dihydride structure. 
The dibromide is not a stable substance but readily reverts to the triene 
type by the hps of bromine. On hydrogenation in the presence of palla- 
dium charcoal, the triene system is completely reduced and, as in ben- 
zene, intermediate di- and tetra-hydrides appear to be more easily 
reduced than the starting material, for they are not present in the mix- 
tures obtained on partial hydrogenation. Using platinum oxide and 
a suitable solvent, it is possible to hydrogenate also the phenyl groups 
at the ends of the chain. The rings are attacked somewhat less readily 
than the chain, but the difference is not great. 

With the use of aluminum amalgam the diphenylpolyencs can be 
convert ed into dihydro compounds, the addition of hydrogen occurring 
at the ends of the open-chain conjugated system. Diphenylhexatriene 
(I), for example, yields dibenzyllmtadiene, II. The dihydro derivatives 
such as II are highly reactive, easily polymerized substances, and they 
lack entirely the peculiar stability, or near-aromatic character, of the 

« Hinrii'hson, .■!»«., 336, ISO (1004); Zincite and Miihlhausen, 38, 757 (1905). 

Wh’IhimI mid Stenzl, Am/i.. 360, 300 (lOOSt. 

t: Kuhn and Winterstein, //Jr. ( him. Actu, 11, S7 (IOCS). 
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more highly unsaturated compounds. The marked change in properties 
attending the reduction seems to be attributable to the fact that the 
addition of hydrogen breaks the conjugation of the original polyene 
system with the unsaturated centers in the terminal aromatic rings. 


Cn 2 CH=CHCH=CHCH 2 — / 


n 


The new polyene system established in a dihydro derivative is separated 
from these rings by methylene groups and consequently occupies an 
isolated position in the chain. It is apparent that an open-chain polyene 
system attains maximum stability when il is conjugated with phenyl 
groups at the ends of the chain. It is but a step further to the more 
perfect conjugation of benzene, whore the hexatriene system ends in 
itself. The special character of the aromatic ring perhaps is due largely 
to a type of conjugation which by its nature cannot be reproduced ex- 
actly among open-chain compounds. 

In the aliphatic series, conjugation of a carbonyl group with an ethvl- 
onic linkage or a diene system often promotes, or appears to promote, 
reactions at these centers. Mueonic acid, for example, is easily reduced 
by sodium amalgam and alcohol to the dihydride (1 ). Whether or not 
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CH 
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ClI 


CH 
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co 2 h 
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CH 


ClI* 
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CO2II 


(i) 


the reaction proceeds through a primary addition to the carbonyl groups, 
it finds an exact parallel, at least on the basis of tin; Kekule formula, in 
the reduction of terephthalic acid by the same method (2). Another 


COjH II CO2II 
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example is in the forced Grignard reactions discovered by Gilman and 
by Kohler (p. 506), where a phenyl group conjugated with an unsatu- 
rated side chain participates in a 1, 4-addition. 

An interesting comparison of another sort is that l-phenyl-4-amino- 
butadiene, C 6 H 5 CH=CHCH=CHNH 2 , was found by Muskat 58 to re- 
semble aniline in being stable in the amino, rather than the imino, form. 
Attempts to prepare eneamines, >C— C(NH 2 ) — , ordinarily yield 
instead the corresponding ketimincs, >CHC(=NH) — . The same 
worker 59 found that bromine adds to the terminal bond of vinylacrylic 
acid and that the product easily loses hydrogen bromide to give the 
3-bromo derivative (3). The series of reactions forms an interesting 
parallel to mela substitution in the Ixmzenc ring, as in the conversion 
of benzoic acid to the m-bromo derivative. 

There is ample evidence I hat aromatic substances resemble open- 
chain conjugated compounds in many ways, and the objection that the 
Kokule formula does not adequately represent the inert character of the 
ring largely vanishes when comparison is made with suitably constituted 
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compounds. Further exploration of open conjugated systems is highly 
desirable, for this may be exacted to afford a further insight into the 
nature of the closed systems. 

The Structure of Naphthalene. Much of the literature pertaining 
to the structure of naphthalene bears the imprint of a theoretical con- 
cept introduced by Bamberger 60 in summarizing the results of his 
classical studies of the reduction of naphthalene derivatives. Bamberger 
had found that naphthalene can be reduced easily to tetralin (I) by 
means of sodium and boiling amyl alcohol, and that the reaction stops 
with the introduction of four atoms of hydrogen. Under similar condi- 
tions a-naphthol is attacked almost entirely in the unsubstiluted ring, 

M Muskat and Grinislev, J. /I in. Chrm. Soc., 55, 3762 (1933). 

69 Mu.skut and co-workcra, i7w/., 52 , 326, $12 (1930). 

r,n BainbcrKfT. .-tan., 257, 1 (18901. 
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giving ar-a-tetralol (II), while /3-naphthoI yields chiefly ac-/3-tetralol 
(III), a product of the alternate type. Because compounds of the 
naphthalene series can be reduced by reagents which leave an isolated 
benzene ring untouched, Bamberger regarded naphthalene as endowed 
with special properties which place it in a class distinct from benzene. 
He called attention to the peculiar character of the naphlhols, which, 
in contrast to phenol, yield ethers on reaction with an alcohol and a 


OH 

H2 1 12 I JI2 



II 2 li 2 Ii 2 


1 11 hi 

mineral acid. Such special properties vanish on partial hydrogenation, 
according to Bamberger, for the unsaturated ring of tetralin resists 
further reduction with sodium and therefore is truly benzoin ml, and 
ar-a-tetralol (II) forms no ethers by the method indicated and is a true 
phenol. The ring of naphthalene which is susceptible to reduction is 
not aromatic, so the argument runs, and, since both rings appear to be 
identical, naphthalene contains no truly benzenoid, or aromatic, rings, 
Bamberger concluded that naphthalene is fundamentally different from 
benzene and must be assigned some special formula. 

The argument appears fallacious because it confuses differences in 
degree with differences in kind. The differences oiled arc merely mani- 
festations of a greater reactivity of the naphthalene system as compared 
with the isolated benzene nucleus. There is considerable variation in 
reactivity in the benzene series itself, and the line of demarcation is not 
as sharp as was at one time supposed. Though the formation of ethers 
under the conditions of the Fischer esterification reaction is in general 
characteristic of naphthols and not of phenols, the presence of activating 
groups, may render a compound of the benzene series capable of entering 
into the reaction. This is true, for example, with phlomglucinol. 61 An- 
other supposedly special property is that a- and 0-naphthykiniiic couple 
directly with diazonium salts to give aminoazo compounds, whereas 
primary amines of the benzene series usually give diazoamino compounds 
in the initial reaction and yield azo derivatives only by the subsequent 
rearrangement of the product. Iri a discussion of the coupling reaction 
given later in this chapter, reference will Ik* made to the observation that 
direct coupling may ha achieved also in the Ixinzene series by selecting 

*' Will and Albrecht, Her., 17, 2100 (1*84; ; Weidel and Poliak, Monatok., 21, 22 (1900). 
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suitable conditions or by using sufficiently reactive components, and it is 
clear that no fundamental difference is involved. The only significance to 
be attached to these and other interesting comparisons is that the 
unsaturated system of naphthalene is more reactive, more susceptible to 
attack, than that of benzene. Naphthalene is characterized by a gen- 
erally greater susceptibility to oxidation, reduction, and substitution, 
particularly in the a-position, but there is no more justification for 
attempting to represent these facts by means of a special formulation 
than there would lx; for a particularly reactive benzene homolog. The 
fact that the carbonyl group of a ketone is more reactive than that of an 
ester is not a sufficient reason for supposing that the kind of unsaturation 
is different in the two compounds. 

Bamberger even went so far as to use different formulations for fl- 
and 0-naphthol because of the different direction of the reduction in the 
two cases, but further hydrogenation, studies have eliminated any experi- 
mental basis for such a hypothesis. By the selection of suitable catalysts, 
0-naphthol can be telrahydrogenaled in either ring. 62 The course of 
the catalytic hydrogenation of the hydrocarbon itself can be summarized 
in the following statements. With nickel catalysts naphthalene is con- 
verted first into tetralin and then, more slowly, into decalin. Platinum 
catalysts usually give similar results, but Willstiitter** found that, with 
one particular type of catalyst containing very little oxygen, decalin was 
produced directly from naphthalene without the intermediate formation 
of tetralin. Zelinsky 64 found, conversely, that decalin on partial dehy- 
drogenation at 300° yielded naphthalene and unchanged decalin, but no 
tetralin. To the extent that such reactions can be rein'd, upon, they 
afford some indication that naphthalene has a symmetrical structure. 

Although reduction and hydrogenation studies have figured even 
more prominently in the theoretical discussions of the literature than is 
indicated by the brief review given above, they cannot be said to have 
con tri butt'd greatly to the solution of the problem. Attempts have been 
made to deduce the structure from quantum mechanics,** and from stud- 
ies of various physical properties of naphthalene derivatives, including 
molecular refractions, 66 dipole moments, 67, 68 dissociation constants, 68 ab- 

85 II ticket , .trill., 451, 109 U920). 

43 Willstiitter aiui Hatt, Her., 45, MSI) ^101^1 ; Willstiitter and Seitz, Brr., 56, 13SS 
(1923), 

84 Zelinsky, Her., 56, 1723 (192:0. 

Pauling smd Whchmd, ('hem. Phy*., 1, 362 (1933). 

89 v. Auwors and Kriihling. .Inn., 422, 200 (1921); v. Amvcra and KrullpfeilTer, Ann., 
*30. 243 (U)23). 

61 Hamjison and Weissl merger , J. ('hem. >’**<“., 393 (193(5). 

u Hergmann and Ilirahberg, ibid.. 331 (1936). 
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sorption spectra, 69 and Raman and infrared spectra, 70 but the results have 
not been decisive. 

A chemical criterion of the structure wax recognized by Marckwald 71 
in 1893. Marckwald called attention to the marked difference between 
the two positions ortho to the functional group of 0-naphthol or 0-naph- 
thvlamine, and he observed that the symmetrical Kekul6 formula for 
naphthalene suggested by Krlenmeyer (180b) provides a rational inter- 
pretation of the difference. As applied to 0-naphthol, this formula (IV) 
OH indicates that the ortho carbon atom at position 1 
is joined by a double bond to the atom carrying 
the functional group, while the connection between 
the alternate ortho position 3 and position 2 is by 
means of a single linkage. One ortho carbon atom 
is part of an enolic unit, while the other is not, and, if the bonds are 
immobile, the difference in the functions of the two ortho positions is 
easily understandable. Many facts have accumulated in support of the 
view that there is a double bond at the 1,2-position and a single bond 
at CVC3. 

One line of evidence is from the coupling reaction, or rather from its 
failure in certain specific cases. 0-Naphthol couples at position 1, but 
if this position is blocked by a stable group (alkyl), as in V, no coupling 
with diazotized amines occurs. A less stable group (carboxyl, halogen) 
at the 1-position is displaced by the reagent, and in no case is the other 
ortho position attacked. The failure of V to react cannot be ascribed 




to the known lower degree of reactivity of the 0-positions of naphthalene 
in comparison with the a-positions, for 4-methyl- 1-naphthol (VI) couples 
easily in the 0-position, C 2 . It is not merely a difference in the degree 
of reactivity which is involved, but a difference in kind, and the only 



®*de Laszlo, ./. Am. ( hem. Sue., 50, H92 (1928). 

70 Kfjhlrausr:h, Her., 68, 893 (1935). 

71 Marckwald, Ann., 274, 331 (1893); 279, 1 (IS94). 
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plausible explanation is that the double bond required in some way for 
the coupling is available at one position and not at the other. The 
conversion of /3-naphthyl allyl ether into l-allyl-2-naphthol by the 
Claisen reaction (1) represents a substitution by way of an intramolecular 
rearrangement (p. 189), and it conforms to the same rules. An alkyl 
substituent at the 1 position effectively prevents the rearrangement. 72 
If the reaction is considered to consist in art a, 7 shift, it may be said that 
the failure of a 1-substitutcd ether to rearrange shows (hat the carbon 
atom at position 3 cannot form the end of an a , 7 system, and hence that 
the double bond is incapable of migrating to the 2,3-position, even at the 
boiling point of the ether. The Skraup reaction, which may involve still 
another type of substitution, formed the central point in Marckwald’s 71 
discussion of the problem. The pyridine ring produced in the Skraup 
reaction of /3-naphthylamine with glycerol, sulfuric acid, and an oxidizing 



agent (2), extends to position 1 and not 3, and Marekwald found that in 
similarly constituted compounds a methyl group at position 1 prevents 
the reaction while a bromine atom may be displaced. Apparently there 
is a general disposition for cyclization to occur in such a way that the new 
ring includes a double bond of the original ring system, although Fries 73 
has noted that this is not an invariable rule, for l-chIoro-2-naphlhylamine 
yields a considerable amount of the linear tricyclic compound in which 
the chlorine atom is intact. 

Further evidence of a fixed bond structure in at least a part of the 
naphthalene molecule is furnished by reactions involving the replace- 
ment or modification of a functional group rather than a nuclear substi- 
tution. An interesting case is the etherification of naphthols with an 
alcohol, using an acid catalyst (3). 74 * Davis 75 found that the etherifica- 
tion is almost completely stopped by a halogen atom or a nitro group 
in the 1-position, and Fieser and Lothrop 76 observed that alkyl groups 
in this position also strongly inhibit the reaction. It was found that the 
effect of substitution at tin; alternate ortho position 3 is of an entirely 

71 Claisen, Ha.. 45, 3157 (1012). 

73 Fries, Ann., 516, 285, footnote (1035). 

74 liieberniann and Hagen, 15, 1427 (1RS2). 

* The conversion of naphthols into dinaphthyl ethers, observed by Gracin', /h r., 13, 
1-S40 (1SS0), probably is a modification of the same reaction. 

75 Davis, J. Chan. Snc., 77, 33 (1000). 

76 Fieser and Lothrop, J. Am. Chan. Soc ., 57, 1450 (1935). 



150 


ORGANIC CHEMISTRY 


different nature. An alkyl group at C 3 actually promotes the etherifica- 
tion reaction, and the influence is about the same when the alkyl group 
is located at position 0 in the adjoining nucleus. A bromine atom im- 
pedes the reaction to some extent when it occupies either the 3- or the 6 - 
position. The influence of a substituent at C 3 therefore appears to be of 
a chemical, and not of a stereochemical, nature. The proximity in space 



VII VIII 


of the substituent to the hydroxyl group evidently is not a factor of im- 
portance. An apparently related observation is that p-nitrophenol fails 
completely to react under conditions sufficient for accomplishing a partial 
etherification of phenol itself . 77 From the limited information available, 
it appears that groups which facilitate ordinary aromatic substitutions 
promote the etherification when located at certain positions other than 
Ci, whereas groups which retard aromatic substitutions (m-directing 
groups and halogen atoms) have the opposite effect. Substituents of both 
types, however, effectively block the etherification when located at 
position 1. It may be inferred that this blocking is not ordinary steric 
hindrance, for it occurs only when the group in question is situated at 
one of the two ortho positions. That one of those positions has double- 
bond characteristics which the other lacks seems to provide an adequate 
basis for interpreting the difference. A mechanistic explanation of the 
etherification reaction was suggested by Henry 7S and extended by Weg- 
scheider , 77 who supposed that an intermediate addition product is formed 


urrii 

VII + CII3OH > 



VIII +1UO (t) 


and subsequently loses water (t). If alcohol indeed adds to the 1,2- 
double bond, the blocking effect of a substituent attached to this linkage 
at the; 1 -posit ion would be understandable. 

While formula IX represents an intermediate which is purely hypo- 
thetical, Bucherer 79 isolated an addition product from 0 -naphthol and 

77 Wegscheider, Monahh., 16, 75 (1S95j; 18, fi'Jti dS!»7). 

7<i Henry, Her , 10, lf04 1 (1877; . 

79 Bucherer, ./. prahl. ('hem . , 69, ID (1904;. 
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sodium bisulfite which Yorozhtzov 80 regarded as having an analogous 
structure, X. The substance may be an intermediate in the animation 



of d-naphthol with bisulfite and ammonia (Biicheror reaction), and it. is 
possible that the conversion of 0-naphthol into /8-naphlhyIaminc with 
ammonia alone involves a similar addition. Here, an alkyl group at the 
l-position should inhibit the reaction. Yorozhtzov has pointed out that 
the failure of phenol to react with ammonia in the manner of the naph- 
thols is merely because the mononuclear compound docs not possess the 
requisite reactivity. Animation cun be accomplished with the more re- 
active phloroglucinol. 

Convincing evidence that the double bonds of naphthalene are not 
free to migrate is furnished by the extensive series of investigations initi- 
ated by i'll. Zincke and extended by Fries on the halogenation of 
naphthols and naphlhylamine<. A p-alkyl phenol with two free orlho 
positions is halogenated first at one of these positions and then at the 
other. If the first reaction in some way involves an enolic double bond, 
it is evident that the second substitution is preceded by the migration of 
tlit' double bonds in such a way as to provide an enolic grouping suitable 
for this reaction. In contrast to this behavior, l-ehloro-2-naplithol does 
not form a 1,3-dihnln derivative but yields instead the ketohalogcnidc 
XII.* 1 VJ Zincke interpreted the reaction as involving an addition to the 
1,2-double bond, and, if this interpretation is correct, it may be said that 



XI XII 


the halogen molecule, finding no such linkage at ("VC-n adds in this man- 
ner even though a blocking substituent is present. Fries 83 has noted that 
the velocity of addition to -(’n=C(Olb— probably is less than to 
- ('(OH )—(/][—, were the latter system available. The overall reac- 

1,11 \ nmzht zn\\ Hull. 90 c. chan ,, (1| 35, 1 W 1 MV 
s ' Zinckr. /if t., 21, 3H7S. ,k>JO ^iNSSi. 

I'rirs unit Srhimmclsrhiuiilt, Ann., 484, L’la v 
h;i 1 riivs, 454, 121 illtt?). 



152 


ORGANIC CHEMISTRY 


lion represents an equilibrium process, for Fries and Sehimmelschmidl 82 
found that the transformation pictured in the formulas can be reversed 
by the action of hydrogen chloride and a halogen acceptor. 

Many other ketones of analogous structure have been isolated and 
thoroughly characterized. The methylketoehloride XIII is obtained 84 


H ,0 Cl 



xi n 



by the chlorination of l-mc(hyl«2-naphthol, while the nitre ketones 
XIV and XV result from the action of nitric acid on the 1-substiluted 
naphthols. 85 The ketonitro bromide XV is converted smoothly into 
/3-naphthoquinone when a solution of the substance in benzene is wanned 
gently. 56 An interesting member of the series is the mixed halogen idc 
XVI, which has been prepared from both 1-bromo- and l-chloru-2- 

C1 Ur 


XVI 



naphthol. 83 That the same compound results in cadi ease eliminates the 
possibility that one of the halogen atoms is attached to oxygen. The 
hypohalite formulation for the type of compound under discussion is ex- 
cluded by an abundance of other evidence, for example that furnished by 
Zinckes 87 exhaustive study of the further halogenation and alkaline 
cleavage of the keto diehloride XII. On treating the mixed halogenide 
XVI with zinc and acetic acid to effect reversion to an aromatic struct tire, 
the more reactive bromine atom is eliminated in preference to chlorine. 
Among other extensions of the abundant, experimental evidence in this 
field which points to a fixation of the bond structure of naphthalene the 
further study of the homo- and heteronuelear halogenation of /3-nuphthol 
conducted by Fries and Schimmelselmiidt.*-’ m 

The ketonie substance XIX represents the. product of a different type 
of reaction and belongs to the 1,4- rather thau the 1,2-dihydronapt.hnlcnc 

84 Fries arnj Ilempelmann, Her., 41. 2014 ' 190S;. 

85 Fries arul lli'ihner, lirr., 39, 435 flOOO). 

M Fries. 389, 315 (1912). 

87 Zincke, lUr., 21. ms, 3540 flSSSi. 

88 bee aUu Bell, */. (Shan. £'/c., 2732 (1932). 
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of either the symmetrical formula used above or the unsymmetrical 
structure XXIIIu, although in the latter ease some additional assump- 
tion would be required regarding the failure of the substance to exist in 
the alternate unsymmetrical form XXII 16. Fieser and Lothrop '* ex- 



XXIJIa XXIIlfr 


tended to 2,0- or 2, 7-dihydroxy naphthalene methods of investigation 
employed in the ease of d~naphlhol. If 2,7-dihydroxvnaphthalene has 
the fixed symmetrical structure XXIV, it should be attacked by substi- 
tuting agents at tin* two enolie ortho positions 1 and 8, but if it has the 



XXIV xxv 


unsymmetrical structure XXV the disuhstitution should occur at the 1- 
and 0-positions. Actually, coupling occurs at the 1- and <S-posif ions, </J but 
one might reconcile the observat ion wit lit he unsymmetrical formula XXV 
by supposing that the first substituent enters at ('i and that tlu* bonds 
then shift to the alternate unsymmetrical arrangement, and provide an 
enolie group at CV-C* for the entrance of the next azo group. The same 
interpretation might be given of the observation that 2,7-dihydroxy- 
naphthalene is converted into a dimethyl ether on treatment, will) 
methanol and an acid catalyst, although on face* value this result seems 
to favor a symmetrical formulation. 93 In order to settle the matter un- 
equivocally, Fieser and Lothrop investigated various l,N-dialkyl deriv- 
atives of 2,7-dihydroxynaphthalcnc. If such a compound lias the 
symmetrical structure XXVI, it should be incapable of ortho substitu- 
tions in the free positions 3 and 0, but if it exists in the form XXVII, or 
if it can tautomerize to this form having an available enolie ortho position 
at CV„ moiiosubstitution should bo possible. Compounds of this typo, as 
well as various 1 ,5-dialkyl-2,b-(iihydroxynaphthalriies, were tested for 
phenolic properties with entirely negative results. They do not couple, 
and their allyl ethers do not rearrange. This evidence indicates that the 
naphthols have the symmetrical structure of the Krlemneyer formula and 

82 Ruggli anil Omrtin, Hdv. ('him. Arta, 15, 110 

83 v. Weinberg, Her., 54, 21f>S 
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that the arrangement of the bonds represents a condition of considera- 
ble rigidity. 

R R R R 



XXVI XXY1I 


One further pirn* of chemical evidence which has reference to the 
bond structure as a whole is the failure of 2,3-dihydroxvu aphtha lone to 
yield a quinonc on oxidation. The observation was cited first by 
Marekwald, 71 and in recent years it has been demonstrated both by 
chemical 94 and electrochemical 9,r> evidence (hat this is not due to the lack 
of stability of the hypothetical 2, 3-naphthoquinone, for it is never pro- 
duced, but rather to the formation as a primary oxidation product of a 
univalent-oxygen free radical. The two hydroxyls function independ- 
ently and not, as when the carbon atoms holding such groups are 
connected by means of a double bond, as a unit. The compound does 



XXVIII 


not appear capable of existing in tin* unsymmetrical form (XXVIII) 
having an enediol grouping. Frit's and Restian 90 have found 4,. >di vi- 
nyl catechol to be similarly resistant to quinune formation, an observation 
which they interpret as indicating bond fixation approaching that of the 
naphthalene derivative. 

The evidence cited indicates that naphthalene has the symmetrical 
structure and differs from benzene in having a more rigid and a more 
reactive conjugated system of linkages. The reason for these differences 
is a separate problem. A simple and plausible solution has bet'll sug- 
gested by Fries.* 3 Naphthalene, he considers, has little tendency to exist 
in the unsymmetrical form because one of the rings would then have lo 
depart from the aromatic condition and acquire the bond structure of the 
highly reactive o-benzoquimme, or the character of the thermodynami- 
cally unstable 1,2-dihvdrobenzene. The resistance It) the acquisition of 
quinonoid or dihydride characteristics accounts for the lack of stability of 

Frit*,-) and Schiniiiii'lsrlimidt, /»ir.. G5, 1507 (. 1037 '. 

8,1 I ii-M'r, Am. (7mm. SoCm, 52, 5711) tlllliO). 

I 1 lies and Italian, Ann., 533, 77 01)37). 
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this structure. In the Erlenmeyer formula neither ring is perhaps an 
entirely true benzenoid nucleus because the central bond is shared be- 
tween the two rings and conjugated in different directions, but ouch 
approaches as nearly as possible the stable condition of an isolated ben- 
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zone ring. The tendency to approach this condition, which appears to 
be the most important feature characteristic of the aromatic state, 
results, in the ease of naphthalene, in the suppression of oscillation. 1 * 7 
The factor recognized by Fries as determining the bond structure of 
naphthalene is operative as well in other polynuclear aromatic com- 
pounds, and it will be convenient to refer to the important generalization 
in the discussions which follow as the Fries rule. This rule states that 
each aromatic ring of a polynuclear compound tends to assume the bond 
structure which most nearly approaches the condition of an isolated 
benzene ring. 

The enhanced reactivity or unsaturation of naphthalene, as compared 
with benzene, is manifested particularly in the ^-positions of (he mole- 
cule. The greater susceptibility to attack is indicated by the occurrence 
of reactions under conditions such that benzene remains largely unal- 
tered. Naphthalene, for example, can be oxidized to 1,4-naphthoqumone 
in appreciable yield (10 per cent ), <J * and it is converted into 1,4-dihydro- 
naphthalene by the. action of sodium and alcohol." The point is dem- 
onstrated further in competitive reactions, for example, by the observa- 
tion 11JfJ that the condensation of naphthalene with phtlialic anhydride 
can be conducted in benzene solution with no appreciable contamination 
of the naphthoyl ben zoic acid with benzoylbenzoic acid. In these reac- 
tions, as in most substitutions, the a-positions are attacked preferenti- 
ally. Fries 97 expressed the view that the restriction to the migration 
of the bonds is directly responsible for the increased ease of reaction. 
The double bond shared between the rings, he notes, is subject to valence 
claim from two directions, and an equalization of valence in the two 
rings cannot be attained as fully as in an isolated benzenoid ring. In 
consequence, the two nuclei are less aromatic and more unsaturated than 
true benzene rings. 

91 Fries, Walter, and Schilling, dun., 516, 2-1S (IWH,. 

** Plimpton, J. Chnn. .SV M 37, 634 (18SI)) ; Japp mi<| Miller, ihitl.. 39, ”0 (1SSI l. 

’Mtambenger and Lodter, lin., 26, 1.S33 (IXU'ij ; Straus and LpmuiuI H> r., 46, 
(013). 

im Reller ami Sthulke, Her., 41, 36.13 (IUOSj. 
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Tho mere proximity of the a-position in one nucleus, but not the 
^-position, to an adjoining aromatic ring, may be a factor of some impor- 
tance in contributing to the reactivity at this position, and such an 
effect would not necessarily be associated with the bond fixation. It is 
evident from halogenation experiments that in ethylbenzene or tetralin 
the a-position, but not the ^-position, of the side chain or alicyclic ring 
is activated by the unsaturated benzenoid nucleus. Although it is not 
easy to interpret a comparison between saturated and unsaturated side 
rings,, some a-activation in the case of naphthalene seems possible. An en- 
lightening comparison of strictly additive reactions involving unsaturated 
systems may be made between tin; reduction of naphthalene with sodium 
and alcohol and tin; reduction of 1,4-diphenylbutadicne, and of other 
diphcnylpolyenes, with aluminum amalgam. 57 In each reduction, hydro- 
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gen adds to (hr ends of a conjugated system, ns indicated by the arrows, 
and tin 1 reaction then stops. 1 , l-Dihydronaphthalene is reducible to 
tetralin by tin* reagent employed only after rearrangement to the 1,2- 
dihydride. In the di phenyl polyenes, which in general chemical proper- 
ties hear much more than a superficial resemblance to naphthalene, 
tin; reactive positions an* at tin* two ends of the conjugated aliphatic 
system terminating in benzene rings. In naphthalene the centers of 
special reactivity arc similarly situated, for the conjugated system 
present in ring R is also anchored at the two ends, in this case into the 
same aromatic nucleus (A). Tho two hydrocarbons appear to be analo- 
gous in structure and in their behavior on reduction, and possibly the 
same factors art' involved in determining their properties. 

One further inference concerning naphthalene may be drawn from 
the thormoeliemical data pertaining to the hydrocarbon and its dihydro 
derivatives. 11,1 As stated above, naphthalene on reduction is attacked 
at the 1, 4-positions, and the reaction is slightly exothermic. The 1,4- 



H<v»t uf hvdniKrnatifiii, Heat of rcnrrnnpomcnt, 

\ 4.6 C:il. \ l.*J Cal. 

m Rotli and V. Amvors, Ann., 407, I7li (lOlfd. 
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dihydride is not a vrrv stable compound, for the alicyclic double bond 
occupies an isolated position, and this easily migrates to a more stable 
position conjugated with the unreduced nucleus. '’Flic rearrangement, 
is attended with the liberation of heat. Stated in another way, the data 
show that the conversion of 1,2-dihydronaplithalene into naphthalene 
is an endothermic process. The heat of dehydrogenation is only about 



one-third that required for the establishment of an aliphatic ethyleuic 
linkage, but the point of greatest significance is that this annualization 
requires a fairly considerable input of energy, whereas the urumatizatiun 
of 1 ,2-dihydrobenzene is an exothermic reaction (p. 110). Though many 
substituted dihydro derivatives of benzene probably are thermody- 
namically unstable with respect to the fully aromatic structures to which 
they can revert, it appears that this is not true in the naphthalene series, 
and consequently a simple explanation is available for the existence of 
dihydronaphthalene derivatives of types rarely encountered in the ben- 
zene series, and for tin* frequent occurrence of reactions which seem to 
proceed through an intermediate addition product of dihydride structure. 

The relatively greater stability of 1,2-dihydmnaphthalene, with 
respect to the aromatic structure, than of 1 ,2-dihydrobenzene, is easily 
accounted for. The dihydrides have (he nuclear bond systems of tf- 
naphthoquinone and of o-benzoquinone, respectively, and an accurate 
measure of the relative stability of the systems is available in the oxidn- 
mluction potentials of the quinoncs. 'Hie pertinent data are included in 
Table I, along with values for the potentials of various quinoncs derived 
from polynuclear hydrocarbons. That ^-naphthoquinone lias a lower 
potential than o-benzoquinoue means that it has less tendency to undergo 
reduction, that its quinunoid ring is more stable and less prone to change 


0 O 
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to the aromatic condition which it acquires in (he hydroquinone. The 
free energies of reduction, calculated from the expression —& F = nFE\\> 
are appended to the formulas, and it is seen that the fusing of a benzene 
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ring to one of the ethylenic linkages of the mononuclear quinonc results 
in a great diminution in the driving force of the reduction, or in a stabili- 
zation of the molecule. The result is easily understood, for an ethylenic 
linkage which in the benzoquinone is highly unsaturated, and which 
therefore contributes to the reactivity of the quinonoid system as a 
whole, is, in the naphthoquinone, incorporated in a bcnzenoid ring and 
rendered comparatively inert. 

The same explanation applies to the similarly constituted dihydrides. 
The highly reactive 1,2-dihydrobenzenc is stabilized when one of the 
alieyclic double bonds is shared with a benzene ring. The free energy of 
reduction of /3-naphthoquinonc is 11.0 Cal. less than that of o-benzoqui- 

TABLK I 


Redcction Potkxtiai.s of Qcinone? (25°) 



Normal Potential Eq , volts 

Aq. Soln, 

Ale. Soln. 

p-Benzoquinono 

0.600 

0.715' 1 

o-Benzoquinone 

.701 6 


«-Naphthnquinonc 

.470" 

. 484 d 

/*- Naphthoquinone 

.bob'* 

.576 & 

2, 6- Naphthoquinone 


.76 (calcd.) e 

1,4,.5,8-Naphthodiquinone 


(.972)' 

Diphenoquinoiie 


.954° 

Stilbenequinone 


.S54 4 

0,10-Phenanthrenequinone 


.460* 

1,1-PhcnunthrencqmiKmo 


.623* 

1 .2-Phenanthrenequinone 


.660 6 

3,4-Phenanthrcncqumnne 


.621 ft 

0,10-Anthraquinone 


. 154* 

1 ,2- Anthraquinone 


.490* 

1,4-Anthraquinonc 


. 40 1 J 

1 ,2- Benz-9, 10-ant hraquinone 


. 22S k 

1 ,2-lienz-3,4-ant hraquinone 


.430* 

l,2,5,f>-Dilionz-n,10-unthraqiiinonc. . . 


,26S* 

5,6-Chrvscnequincmc 


. 465* 

0,12-Chryaencquinonc 


.392* 


n Fieser, J. Am. ( Arm. ,W.. 52, 4015 (19301; F> Fiesci ;incl Peters. ibid , 53, 793 (1931); e T.aMer 
; nid linker, t'hid., 44, 19,14 (1922); <1 Ficser ami Fieser, i bill , 56, 150.') (1931*; e Fieser, ibid., 52, 5204 
1 1930) ; / estimated from the potential referred to the t|umhydrmu‘ elertrndu in acetic acid solution at 
■■’O' {Dimroth, .-lnyrir. ('hrm., 46, ,171 (1933)), y Fieser, J. .4w>. Cbrrn. Siv., 51, 3101 (.1929); h Fieser 
'»'d Peters, ibitf., 53, 4080 (1931); t Omani and Fieser, ibid., 46, 1858 {19241; j Fieser, ibid., 50, 465 
* 1928) ; It Fieser and Dietz, ifm!., 53, 1128 (1931). 
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none, and it is of interest that the heat effect in the aromatization of 1,2- 
dihydronaphthalene by the elimination of two atoms of hydrogen is 15.0 
Cal. less than for the corresponding reaction of l,2-diliydml>enzene. 
Considering that the heats of reaction are subject to some uncertainties, 
that the entropies in the dehydrogenations may not be identical, and 
that a comparison is made between reactions occurring in different states, 
the correspondence in the values for the energy changes is about as good 
as could be expected. The degree of aromaticity of a polynuclear hydro- 
carbon seems to be determined by the relative stability of the unsatu- 
rated structure with respect to its hydro derivatives, and it is a matter of 
considerable importance that accurate information on this point can lx; 
obtained from oxido-roduction potential data for the corresponding 
quinones. In using such data it is necessary only to make sure that the 
comparison is not invalidated by some disturbing factor. It would not 
be proper, for example, to attempt, to predict the relative stabilities of 
1,2- and 1,4-dihydronaphlhaIene from the relationships between and 
a-naphthoquinone, because the character of the former compounds is 
dependent in part upon whether the double bond is isolated in the re- 
duced ring or conjugated with the benzenuid nucleus, whereas in the 
quinones the corresponding double bond does not in either case occupy 
an isolated position but is conjugated with at least one carbonyl group. 
Since the structural relationships are quite different, a comparison is 
meaningless. Actually tin* 1,4-quinonc is more stable than the 1,2- 
quinonc in both the benzene and naphthalene series, while the reverse is 
true of the 1,4- and 1,2-dihydro compounds. Ortho and ptirn quinones 
differ in the manner in which the carbonyl groups an* conjugated, and a 
comparison between compounds of the two types is valid only if account, 
is taken of this difference. 

Phenanthrene. lour Kekule bond structures for plienanthrene arc 
theoretically possible, but according to the Fries rule fp. 156 ) one of 
these would be expected to surpass the rest in stability. Tlii< struct lire, 
illustrated in formula 1, is symmetrical, and each ring has associated with 
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it the full complement of three double bonds, as in benzene, although 
there is some sharing of double linkages. In the alternate formulas one 
or more of the rings has an o-quinonoid or a tetrahydridc structure and 
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thus departs more widely from the stable benzenoid condition. There is 
evidence that the formula expected from theoretical considerations to 
represent the stable state of the molecule corresponds to the true struc- 
ture. Fieser and Young 102 found that, while the coupling of 2-phe- 
nanthrol and the rearrangement of its allyl ether normally lead to 
substitution in the 1 -position, the reactions are effectively blocked by 
an alkyl group at this position. A blocking group at the 4-position simi- 
larly interferes with the phenolic functioning of 3-phcnanthrol, and from 
these observations it seems clear that double bonds are located at the 1,2- 
and 3,4-positions and that the bond structure in this part of the molecule 
is as rigid as in naphthalene. 

Phenanthrene is more susceptible to oxidation and reduction than 
naphthalene, and the point of first attack in each reaction is at the 9- 
and 10-positions. The only factor which seems to limit the yield of the 
9,10-<juinone is the sensitivity of this compound to further oxidation, 
and the 9,10-dihydride can be obtained in nearly quantitative yield by 
hydrogenation in the presence of copper-chromium oxide at a moderate 
temperature. 103 It is significant that this catalyst is not active toward 
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benzene or naphthalene and that the selective hydrogenation of phenan- 
threne occurs under conditions not much more drastic than are required 
for the hydrogenation of ethylenie hydrocarbons of the aliphatic or 
nlicyclic series. A further striking indication of the olefinic character 
of (he 9,10-double bond is that phenanthrene forms a. stable 9.10-dibro- 
mide. A possible factor contributing to the unusual reactivity mani- 
fested in the central ring of the hydrocarbon is that each of the adjacent 
carbon atoms 9 and 10 occupies an o-position with respect to a terminal 
aromatic ring; these unsaturated rings may exert an activating influ- 
ence, as suggested in the cast' of naphthalene. This conception, though 
perhaps a crude one, is of value in understanding the course of sonic of the 
substitution reactions. In the sulfonation of phenanthrene, and in the 
IVirdel and Crafts condensations conducted in nitrobenzene solution, 
substitution occurs chiefly at the 3- and 2-positions, rather than in the 
reactive central nucleus. These are ^-positions, and it will be recalled 

1(13 Fii'srr and Young, ./. Am. i'htru. Nor., 53, 1120 1 1 03 11. 

m Hnrw'r mikI Musi'l-tfe. 57, 2731 iHKtm ; 58, 1 Sf»7 (WilCO ; Purlaml and Adkins 
59, l;i5 (10117); 60, 1501 (11I3S). 
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that in the case of naphthalene there Ls some avoidance of the reactive 
a-positions in substitutions, in contrast to reactions of oxidation and 
reduction. ^-Substitution predominates in the high-temperature sul- 
fonation of naphthalene and in some of the Friedel- Crafts reactions in 
nitrobenzene solution. 

In attempting to account for the un saturated, olcfinic character of 
the 9,10-doublc bond, Fries 97 suggested that the other two double bonds 
of the central ring arc shared unequally with the terminal benzenoid 
nuclei and are claimed principally by these rings, leaving the double bond 
at the 9,10-position in a comparatively isolated or imperfectly conju- 
gated condition. This idea can be expressed in some measure in a for- 
mula by using a pair of lines of unequal length to represent the double 
bond and by placing the shorter of the two lines on the side of the ring 
recognized as having the greater stability. There is another way of 
viewing the situation which seems somewhat more concrete. That the 
central nucleus possesses a rather low order of aromaticity means that 
the dihydride structure which it acquires on oxidation, reduction, or 
halogen addition is characterized by a special stability. That this is the 
case is attested by the fact that the 9,10-dibromide is capable of independ- 
ent existence, and a measure of the relative stability of 9,10-dihydro- 
phenanthrene as compared with 1 ,2-dihydronapht.halene is furnished by 
a comparison of the potentials of the corresponding quinoncs (Table I, 
p. 159). The low potential of 9,10-phenanlhrcnoquinone as compared 
with ^-naphthoquinone indicates a greater stability of the tricyclic 
quinonoid, or dihvdride, structure. This stability may be attributed to 
the fact that both double bonds of the central, quinonoid or dihydride 
ring are subject to the deactivating influence of the benzenoid rings of 
which they are also members. According to this view, the cent nil nucleus 
of phenanthrcnc Ls susceptible to oxidation, reduction, and addition reac- 
tions chiefly because a comparatively stable dihydride structure can be 
produced as a result of such reactions. The situation is such that there 
must be a considerably greater driving force to the occurrence of such 
changes than in the case of naphthalene. This accounts for tin* highly 
unsaturated character of the 9,10-double bond and for the ease of hydro- 
genation and of other additions. From the heat effect in the conversion 
of naphthalene into the 1,2-dihydride (9.4 Cal.) and from the potentials 
of the quinoncs corresponding to the dihydrides, it is estimated that the 
heat of hydrogenation of phcnanthrenc to the 9,10-dihydride is about 
15 Cal., that is, intermediate between the values for naphthalene and for 
cyclohexene (28.6 Cal. 4 ). 

Anthracene. Anthracene surpasses even phenanthrene in reactivity 
as can be seen, for example, from the fact that the linear compound 
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present in crude phenanthrene from coal tar can be removed by prefer- 
ential oxidation to the quinone, and from the observation that poly- 
nuclear hydrocarbons which contain the ring systems of both anthra- 
cene and phenanthrene are generally attacked on oxidation chiefly in 
the anthracene part of the molecule. The addition of one mole of 
hydrogen or of halogen to anthracene also proceeds very readily, and the 
point of attack in all these reactions is at the 9 and 10, or meso , positions. 
In the early attempts to account for this seemingly special character of 
the hydrocarbon, considerable prominence was given to the view that 
the reactivity is due to the presence of a para bond extending between 
the mesa positions, as in I. 



Hinsbcrg 104 was one of the first to present a serious objection to this for- 
mulation, and, although his argument was based upon a rather cumber- 
some analogy with phenazines and quinoxalophenazines, the evidence 
appears entirely valid. The essence of the argument is that the fusion of 
an angular benzenoid ring to one of the terminal rings of anthracene de- 
creases the reactivity at the meso positions in a manner not comprehensi- 
ble on the basis of the formulation in question. Furthermore, anthracene 
does not appear to be symmetrical, pictured in the formula, for the 
attachment of a second ring to the opposite side of the molecule does not 
produce an added effect proportionate to that of the first ring. Evidence 
on this point is furnished by potentiometric data for the corresponding 
quinones. ,0S A less serious objection was cited by Goudct, 106 who found 
that the lcvorotary form of the hydroxyanthrone II gave an optically 
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inact ive compound on reduction, contrary to what would be expected on 
the basis of the para bond structure III. 

The para bond formula was dealt a final blow by the evidence from 
x-ray analysis (p. 123). All the carbon atoms of anthracene lie in a single 
Ann.. 319, 25 7 (1001). 

1111 I’U'mt jm<| Uietz. J. Ami. I'hnn. 53. 112S (UW1K 
104 CJoudet, Ililv. ('him. Ada, 14. 37tf (WYM). 
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plane, and consequently the carbon atoms in the tncso positions arc as far 
removed from one another as the para carbon atoms of an isolated ben- 
zene ring. 107 According to all available information concerning bond 
strength, a direct connection between such positions is quite out of the 
question (p. 125). 



Two Kekult' formulations are possible for anthracene, namely IV 
and V, and either one may be said to represent the modern counterpart, 
of the o-quinonoid formula suggested by Armstrong in 1890. In each 
formulation at least one ring (A) is present which contains only two 
double bonds and which, with the ethylenic linkage's extending into I he 
central nucleus, constitutes an e-quinonoid system of linkages. This 
arrangement represents a condition less stable than that of a benzrnoid 
ring, and the tendency of the quinonoid nucleus to acquire the benzrnoid 
condition accounts for the reactivity of anthracene. Such a change occurs, 
for example, as a result of the addition of hydrogen to the 1 ,4-conj ligated 
system present in the central nucleus (1), a reaction which is analogous 
to the reduction of o-benzoquinone (2). It is understandable that anthra- 



cene is subject to attack at the mean positions, and the great driving force 
in the reduction can be attributed partly to the presence of the reactive 
o-quinonoid system of linkages and partly to the fact that the 9,10- 
dihydride has a particularly stable structure, for the double bonds are 
all contained in two isolated benzenoid rings, as in 9, 10-dihydrophe- 
nanthrene. Probably the 9,10-dihydro derivatives of anthracene and 
phenanthrene do not differ greatly in stability (or in their heats of com- 
bustion;, and, consequently, the observation 97 that the heat of combus- 
tion of anthracene is greater than that of the angular isomer by 7.0 
Cal. affords an approximate indication of the* magnitude of the energy 
content of the anthracene molecule which is attributable solely to the e- 
quinonoid system of linkages. 

Vil Meyer, ’l, anyew. Chun., 41 , U:& (CJ2SJ. 



AROMATIC CHARACTER 


165 


Other reactions involving a conversion to 9,10-dihydroanthracenc 
derivatives include oxidation, the formation of the 9,10-dibromide, and 
the Diels-Alder reaction (p. 685) of anthracene with maleic anhydride 108 
or with quinone. 109 The ability of the hydrocarbon to yield addition 
products of the type of VI is particularly illuminating, because of the 
specificity of the reaction to active diene systems (p. 667), and because 



naphthalene and phenan throne do not form similar products. Endo- 
anthracono maleic anhydride (VI) is produced by heating the compo- 
nents in boiling xylene solution, and the occurrence of a (reversible) 
reaction with this ami other unsaturated anhydrides, as well as with 
(Totonic acid and acetylene dioarboxylic ester, affords a good indication 
of the presence of a reaet ive diene system in the central nucleus. Another 
indication in the same direction is the C-alkylation of anthranol (3), 



observed by I\. IT. Meyer and Sehlosser 110 to occur along with O-alkvl- 
alion when an alkyl halide (but not a sulfate) is employed. The com- 
paratively high degree of unsaturatioii of anthracene is indicated by the 
ready reaction with sodium 1,1 and in the speclrochemieal properties 112 
of anthracene derivatives, and it has been suggested 113 that the pro- 
nounced color of derivatives containing OH, NH 2 , and 01 finds a 
satisfactory interpretation in (lu» assumption of a structural relation to 
true quinones. 

iri8 Dk4s Mill Aider, .4 Ml.. 486, 101 C10:U i ; ri;ir, Ikr., 64, 2104 U031). 

51,9 ( ‘l:ir, //» r.. 64, 11.70 1 1031 1. 

1.0 Mi'yer nnd SohlussiT. .Ihh., 420, V2<» (,1020'. 

1.1 Schlenk, Appenrodl, Mirli:u*l, und Thai. H<r., 47, 4»0 U014 1 . 

u ' v. Auwits. 53,041 (1020i; v. An wits and KrollpfoifTor. A tin., 430, 2’>4 (1023) 

na Ki'lmnuun, IUr., 27, :«4X (ISM); Soholl, Her., 41, 2312 UOOSi. 
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None of the facts cited thus far provides a means of distinguishing 
between the alternate o-quinonoid formulas IV and V, above. From a 
consideration of the Fries rule (p. 156), it. would appear that the first 
of these structures is the more likely, because it represents a more stable 
system. Formula IV contains an o-benzoquinonoid ring (A) and two 
benzenoid rings combined in the form of a normal naphthalene nucleus 
(BC); in formula V the rings A and B constitute a highly reactive and 
unstable 2,3-naphlhoquinonoid unit, and there is only one benzenoid 
ring (C). As Fries 97 stated the ease, there is in the first instance a closer 
average approach to the stable condition of the isolated benzene ring, and 
consequently IV is the preferred structure. Fries sought to test this pre- 
diction by studying the bromination of 2,(>-dihydroxyanthraeem\ If the 
structure is that of VII, the bromine atoms should be directed to the two 
enolic ortho positions 1 and 5, whereas the alternate structure VIII 



VII ViII 


should lead to 3, o-subslitution. It was found that bromination occurs 
at the 1- and 5-positions, as predicted for a compound of the formula I , 
hut the observation does not exclude the possibility that solutions of the 
substance contain appreciable quantities of both forms and that VII is 
merely the more abundant, or the more reactive, of the two. In extend- 
ing this work, Fieser and Lothrup 154 applied a more rigorous test. The 
1- and 5-positions were blocked with alkyl substituents, and the 1,5- 
dialkyl-2,6-dihydroxyanthracenes were investigated for their ability to 
couple with diazotized amines. As the tests were entirely negative, it 
was concluded that the lxmds are fixed in the positions indicated in for- 
mula VII and that the tautomer corresponding to VIII is not present in 
any appreciable quantity, for it should give rise to substitution at the 
3 -position. 

The evidence thus supports the formulation deduced from theoretical 
considerations, and it. indicates a rigidity of the bond struct ure com- 
parable with that in naphthalene and phonanthrene. With an imsym* 
metrically substituted compound, such as ^-anthrol, it is necessary to 
account for the fact that the substance has been isolated in only one 
form, though two structures, IXa and l\h f are theoretically possible. 
Fries 97 noted that the change from one structure to the other can be 
accomplished by a progression of the l>oiids in the central nucleus, wit h- 

1,4 Fieser ami Lothrop, J. Am. Chan. -W., 58. 710 (UMij, 
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out disturbance of the double bonds in the ^-positions of the terminal 
rings, and this idea seems in keeping with the nature of the bond fixation 
indicated by the above experiments. Fieser and Lothrop suggested that 
the two forms are to be regarded as tautomers, and that an indication 



IXa 


of the position of the equilibrium can be gained by the application of a 
principle expounded by Kehrmann 1,5 in a brilliant paper dealing with 
the question of the bond structures of azine derivatives. Phenylnaph- 
thophenazonium chloride, for which two tautomeric forms, Xa and Xb, 
are possible, is typical. The form Ah contains a naphthoquinonoid 



Xfi « Xb 


grou])ing (AB), while Xh has an o-benzoquinouoid structure (ring 0), 
and Kehrmann reasoned that, since ^-naphthoquinone is more stable to 
reduction than o-benzoquinone, Ah should be the predominant tautomer. 
Kvidenee in support of this deduction was found in the observation that 
the compound adds ammonia in alcoholic solution to yield an amino 
derivative having the substituent in ring R (arrow). The phenazonium 
salts enter into addition reactions characteristic of the quinoncs, and 
they share with these substances the property of forming elect romotivcly 
active oxido-reduction systems. Kehrmann 's theory of the factors gov- 
erning tuutomerism among such compounds was placed upon a quanti- 
tative basis in later potentiometric studies. 116 The equilibrium constant, 
A', of a pair of tautomers having the normal potentials K {] a and E { ? (where 
•the tf-form has the higher potential) is given by the expression: log 

= - K y) «) u.mw. 

Although reversible oxidation-reduction is not observed with com- 
pounds such as anthracene in which the quinonoid system of linkages 
terminates in carbon, rather than in oxygen or nitrogen, the qualitative 
application of the established principle seems admissible. In respect to 
0-untlirol (IX, above b a rational inference concerning the relative sta- 

U6 KWirmann, lhr., 31. 077 OSOSh 

n# Fiosor, ./. .-IfM. Chrm. .W., 60, 430 (liKiS); IVser ;m<l Fitter. ihitf., 66, 1605 (1034). 
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bility of the two forms can bo made from the fact! hat the oxido-reduction 
potential of a given hydroxyquinonc is considerably lower than that of 
the corresponding unsubstituted quinone (p. 1038). The hydroxyquino- 
noid grouping ( q ) of I Xa consequently must represent a condition of 
greater thermodynamic stability than the unsubstituted quinonoid nu- 
cleus (q') of I X/>, and the first formula probably corresponds to the struc- 
ture of the predominant tautomer in solution. The less stable tautomer 
IX& is probably present in solution in small amounts. (Compare the still 
unisolated tautomer of 2-hydimy-l, 4-naphthoquinone.) 

Alkyl groups influence quinone potentials in the same direct ion as 
hydroxyl groups but to only about half the extent, and consequently the 
less stable forms of 1- and 2-alkylanthraoenes probably are present in the 
equilibrium mixtures in somewhat larger amounts. The amino group is 
considerably more potent than hydroxyl, and ^-anlhramine must exist 
very largely in the aininoquinonoid form XI. That the substance is a 
very weak base and resists diazulization, 117 except under special cutidi- 


XII 

lions, 57 is easily understood on the basis of this structure, for amnioqui- 
nones exhibit similar properties. Highly unsaturated groups, and to a 
lesser extent halogen atoms, can Ik? expected to shift the equilibrium in 
the other direction, the more stable form of a compound such as 1-nitro- 
anthracene probably being that in which the substituent is located in tin; 
benzenoid ring (XI lj. 

The general theory accounts well for the properties of tint higher 
benzologs of anthracene. It was mentioned above that a benzene ring 
fused to the molecule in an angular position decreases the reactivity 
at the mew positions, and it is equally true that a linear ring has the 
opposite effect. A clear demonstration of both relationships is afforded 
by Clar’s work on the ease of reaction of the hydrocarbons with maleic 
anhydride. 1,2-Renzanthracene would be expected to have the /i-naph- 
thoquinonoid structure XIII, rather than the alternate o-benzoquinonoid 
structure, and the added ring serves to stabilize the original quinonoid 
system (q) and hence to decrease the reactivity at the terminal (me.w) po- 
sitions of the unsaturated system. An additional benzenoid ring attached 

117 Bollert, 16 , 10'i5 MfcSHi; Barntarvcr :m<! Hoffmann, Ihr,, 26 , (lSIl'I). 
Sf-f also Sc-hroHfr, li>r., 57 , U00.‘{ I'llUt/. 

!1 Hlar. 64, 21fM (1»31 k 65, AIM (1932J ; f/lar anil Ixmibardi. Her.. 65, lilt (lWtti. 
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at the 5,6-position (XIV) should have little added influence, for it is not 
in immediate connection with the quinonnid unit. There are indications 
that this expectation is realized. 1 '* The situation is quite different when a 



benzene ring is fused to anthracene in a linear position. The formulas 
\\ a and X\ b for naphthaeene both represent systems of greater unsatu- 
ration and reactivity than anthracene, because in each case two of the 
four rings are quinonoid ( q ) in character. In XYa two terminal o-ben- 
zoquinonoid rings are separated by the normal naphthalene unit formed 



xv« XVb 


by tin* two central rings, and, although the added quinonoid ring should 
render the structure more reactive than anthracene, the system at least 
has greater stability than XVb, where the non-lxnizenoid rings q and q' 
are combined in the form of a 2,3-naphthoquinonoid unit. That such a 
group would be highly unstable and reactive can be inferred from the 
non-existence of 2,3-naphthuquimme itself, and from the observation 
that quinoncs in which the quinonoid system of linkages extends into 
two nuclei art* characterized by having unusually high reduction poten- 
tials (see diphenoquimme, 2,6-naphthoquinone, Table I, p. 159). For- 
mula XYfi therefore represents the preferred structure. 

The reactivity of naphthaeene as compared with anthracene is well 
illustrated by the properties uf its derivatives. 119 The equilibrium be- 


0 OH 



lb 


XVI XVII 

tween 2, fl-henz-9-an throne (XVI) and the anthranol-form XVII so 
greatly favors the koto form that the substance, unlike anthranol itself, 

119 1'ioser, J . *t«i. (Vicwi. Soc., 53, C329 (1931). 
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fails to dissolve in alkali. The anthranol acetate is formed 120 much 
less readily 119 than usual, and the anthranol is very easily reduced to an 
unusually stable dihydride. The observations all reveal a pronounced 
tendency of the doubly quinonoid structure to revert to the more stable 
condition of the 9,10-dihydride. The striking observation that crystal- 
line naphthacenoquinone does not give the usual vat test with alkaline 
hydrosulfite is similarly attributable to the lack of stability of the hydro- 
quin one. 

Still greater reactivity is displayed by Oar's 121 lin. -dibenzanthracene, 
a hydrocarbon of particular interest because of its blue color. No very 
st aide arrangement of the double bonds of this compound is possible, and 
t he best adjustment that can be achieved is represented in formula 
XVIII. This structure includes a 2,3-naphthoquinonoid unit (qq) 
at one end of the molecule and an o-benzoquinonoid nucleus (q") at the 
other, and consequently the high degree of unsaturation of the hydro- 
carbon, as manifested in its reactivity and color, is easily understandable. 
Reagents would bo expected to attack the substance in the central ring, 
for these positions are at the ends of the more reactive 2,3-naphlho- 
quinonoid system, and this expectation is realized. Oar took a different 
view of the situation and postulated for the hydrocarbon the biradical 
tp. 002; formula XIX. He suggested that anthracene itself and t hr 
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other aromatic compounds exist to scum* extent in a diyl phase, but that 
the pentaeyclie hydrocarbon has a complete biradieal character. 1 '" These 
speculations, although subject to much adverse criticism, 123 have con- 
tinued to attract attention. 121 In an attempt to settle the matter, K. 
Muller 125 investigated the magnetic susceptibility of the blue hydrocar- 
bon and found that the compound does not exhibit paramagnetism, as 
univalent radicals and one authentic hi radical were found to do. He 
concluded that the amount of diyl, if present, cannot exceed 1 per cent. 

Barnett arid I.owry, 65, 1040 (103Je 

121 ( hir arid .John. li>r., 62, 3021 (1920i ; 63, 2007 '1030 k 

122 t lar, Her., 65, 503 f ; 66, 202 (1033) ; 69, 007, 1071 (1030). 

Scholl iu id HuttRCT, Hrr„ 63, 2133 (1030); Si-liull and M.-ycr, Her., 67, 1229. 123'i 
f 1 0'M j ; ( onrad-Billroth, Her., 66, 039 (1033k 

121 Kon, Ann. Ur pin. ('him. Hoc. {London), 29, 103 1 71 (I932i. 

,2i Mil Her and Mijller-ltodioff. .W, 517, 134 (1035); Mull.r and Buiiki\ Her., 69, 
2104 (1030k 
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Although it is conceivable that a fixed opposition of the electron spins in 
a biradical could eliminate the paramagnetic effect, such an explanation 
seems improbable. The evidence available does not warrant acceptance 
of the diyl formula as representing anything more, perhaps, than a reac- 
tion phase, and the general theory of aromatic structures based upon a 
rational extension of the concept of the Kekule ring seems to provide an 
adequate interpretation of the facts without this added assumption. 

The principles defining the bond structures of the polynuclear aro- 
matic hydrocarbons seem to apply also to the quinones and hydro deriva- 



xx xxi 


lives of these substances. On the basis of the Fries rule, it was pre- 
dicted 97 ■ 126 that naphthacenequinone has the structure XX rather than 
XX f, for in XX the rings C and I) art 1 benzenoid and constitute a normal 
naphthalene system, while in XXI the terminal ring is quinonoid and 
forms a part of a unit corresponding to the unstable form of naphthalene. 
Allen and L. Gilman 127 found support for this view in the observation 
that phenvlmagnesium bromide adds to the two 1,4-eonjugatcd systems 
formed by the nuclear double bonds in ring C with the carbonyl groups, 
giving two stereoisomerie products of the structure AXIL Air oxidation 
in alkaline solution of the enolized material gave XXIII. The behavior 
is quite different from that of anthraquinone and phenanthrenequinone, 
with which Grignard reagents give exclusively carbinols, and it is inferred 
that in these compounds a 1,4-system is not available, the bonds of an- 
tliraquinone being arranged as in ring A of XX. The unusual arrange- 
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XXII XXIII 

ment of bonds in the oxygenated ring (B) of naphthacenequinone may 
modify slightly the character of this ring, but it seems unlikely that true 
quinonc characteristics are entirely lost. 1,4- Anthraquinone probably 

128 Fieser and Martin. J. Am. Chem. Soc., 57, 1844 (1935). 

127 Allen and Gilman, ibid., 58, 937 (1936). 
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has a similar bond structure, 128 and it undergoes reversible reduction and 
exhibits other usual properties of quinonos. The 1,4-addition of the 
Grignard reagent (p. 672) has boon observed also in benzan throne, 
XXIV, the aryl or alkyl group appearing at the 4-position (arrow). 129 



The observation locates one double bond in ring C, and from the principle 
of greatest stability it seems likely that the remainder of the bonds in 
rings C and D are arranged as in naphthalene. 130 

Pyrene. This tetracyclic hydrocarbon presents an interesting com- 
bination of fused rings embodying groupings of the naphthalene, phonan- 
threne, and diphenyl types. In the degree of reactivity to substituting 
agents, pyrene is roughly comparable with anthracene. In an extensive 
study of the hydrocarbon, Vollmann, Becker, Corell, and Streeek 131 
found that monosubstitution occurs solely at the 3-position, which cor- 
responds to one of the chief, if by no means exclusive, points of attack in 
phenanthrene. A second substituent is introduced about as easily as the 
first and invariably enters the second pen-ring at the 8- or 10-position, 
giving a mixture of 3,8- and 3,10-isomers in winch the latter predomi- 
nates. In contrast to the point of attack in substitutions, the addition of 
ozone occurs at the 1,2- and 0,7-positions. These results are interpreted 132 
to indicate that in its most stable state pyrene has the 1,4-naphtlioquino- 
noid 133 bond structure I. Predominant disubstitution at the 3, 10-posi- 
tions is considered to occur at the ends of the active quinonoid system of 
linkages (arrows). The formation of 3,S-derivatives may occur through 
the possibly more reactive* but considerably less abundant 1,5-naphlho- 
quinonoid form II. The change from one bond isomer to the other would 
involve morel}’ a progression of the Ixjnds in the upper terminal ling. 
A greater stability for I as compared with II is consistent with the fries 
rule, for the former structure contains three benezenoid rings (h) while 
the latter contains but two. 

m r'ir-cr, i ’hid., 50, 405 (192*). 

K ' 9 (.’harrier and Ghigi, flazz. chim. ital., 62, 92S (1932); Ti<r., 69, 2211 (1930); Alton 
and Over ha ugh, J. Am. <'bnn. doc., 57, 740, 1322 (1035;. 

131 See, however, Clar, Her., 65, M40 (1032;. 

131 Vollmann, lieeker, Corell, and Streerk, Ann., 531, 1 (1037). 

i3i i'j f . S p r f in d Seligman, ./. Am. ('hnn. dor., 60, 170 (193-S). 

131 < 'Hr, H<r., 65, 1420 (1932). 
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The fact that 3-hydroxy pyrene fails to couple with diazotized amines 
indicates a rigidity of the bond structure in at least a part of the molecule 
and shows that the 3- and 5-positions are not identical, as they would 
appear to be from the outline formula. The si ructurc I with a hydroxyl 
group at the 3-position and a single bond connecting positions 3 and 4 
evidently is more stable than that with the substituent at position 5. 
The explanation may be that the hydroxyl group, which is known to have 
a stabilizing (potential-lowering) effect on true quinones, is joined 
directly to the quinonoid system, in the former, but not the latter, case. 
That neither 3,10- nor 3,8-dihydroxypyrene can be caused to couple with 
diazotized p-nitroaniline indicates that the two dihydroxy compounds 
have the alternate bond structures I and II, respectively. This must 



i ii 


mean that the influence of the attachment of a hydroxyl group to a 
quinonoid system is so pronounced that two such substituents in the 3- 
and S-positions can effect the stabilization of the otherwise more reactive 
1,5-naphthoquiimnoid system of 11. 

3,4-Benzpyrene. If pyrene tends to exist chiefly in the 1,4-naphtho- 
quinonoid form (I, above), the most probable bond structure for 3,4- 
benzpyrene is that shown in formula III, in which the four benzenoid 
rings constitute a chrysene unit. The alternate formulation IV, derived 



hi IV 


from the l/j-iiaphlhoquiiionoid form of pyrene (II), represents the hydro- 
carbon as a 1,2-bcnzanthraeene derivative containing but three benzenoid 
rings. The evidence available does not distinguish between the two 
structures, and the fact that the hydrocarbon suffers oxidation at posi- 
tions 5, 8, and 10 perhaps is indicative of attack at the exposed ends of 
the 1,4- and 1,5-naphthoquinonoid systems of the two forms. 
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3,4-Benzpyrene is of special interest because of the remarkable reac- 
tivity which it manifests in substitution reactions. 134 In susceptibility to 
substitutions, the substance surpasses all other known unalkylatcd, fully 
aromatic hydrocarbons. Oxidation with lead tetraacetate proceeds 
smoothly at room temperature and affords the 5-aeetoxy derivative in 
over 90 per cent yield, and the reaction with niethylformanilide to give 
the 5-aldehyde proceeds equally well. The hydrocarbon even couples 
with diazotized p-nit mainline in acetic acid (5-posilion), and thereby 
exhibits nuclear reactivity comparable with that of a phenol or amine. 
The exclusive point of attack, except in the (hindered) Friedel and 
Crafts reaction, is at position 5. This is at one end (if a quinonoid system 
of linkages, and it is also a nuno position, flanked by activating rings on 
either side. 

Of possible significance to the theory of aromatic substitutions is the 
fact that 3,4-benzpyrene exhibits no tendency to form addition products. 
In contrast to the situation in the naphthalene, phenun throne, and an- 
thracene series, no reaction products of dihydride structure have been 
encountered, and reactions which can proem! only by an addition do 
not appear to take place. In sharp contrast to the behavior of anthra- 
cene and 1, 2-ben zanthraeene, 3,4-lx‘nzpyreiie fails to add maleic anhy- 
dride (citation 134 from Baehmann). The facile substitutions of the 
hydrocarbon therefore appear to be inde pendent of any process of addi- 
tion. Among other polynuclear hydrocarbons, there is a sufficient, if 
perhaps entirely fortuitous, parallelism between reactivity in substitu- 
tions and in additions to invite the speculation that the substitutions may 
proceed by way of addition mechanisms. The ease of 3, 4-benzpyrene, 
however, demonstrates that the two processes can be entirely distinct, 
and uncorrelated. 

THE NATURE OF AROMATIC SUBSTITUTIONS 

The question of the mechanism of aromatic substitutions is a com- 
plicated one, for there is considerable variety in the types of reactions 
and in the nature of the compounds undergoing substitution, ft is ari 
open question whether different substituting agents act upon a given 
compound in the sarin* way, and whether a given type of substitution 
follows the same general course in th(; benzene series as with polynuclear 
hydrocarbons. The course of the reaction conceivably may vary also 
with the nature of the directing groups. There may well be more tlum 
one path by which a substituent can enter an aromatic nucleus, and cer- 

151 and rVuiipMI, ./. Aw. Hum. ,Snr. t 60, H tU (lWNc I'iomt ami HcrdiU’UC 

l CO, 'lA'Z UtKiSj ; 61, l.^io (1‘J'iOj. 
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tainly cantion should be exercised in reasoning by analogy unless a secure 
correspondence can be established between the cases in question. 

Nitration and Sulfonation. Shortly after proposing the cyclohexa- 
tricne formula for benzene, Kekule m attempted to determine the course 
of the reaction between nitric acid and ethylene in order to make a com- 
parison with the aromatic nit ration reaction. Difficulties were encoun- 
tered, however, and not much progress was made. The reaction affords 
mainly products of oxidation, but Wieland and Sakellarios, 136 by using a 
mixture of nitric and fuming sulfuric acids, succeeded in isolating small 
amounts of j3-nitroetliyl nitrate, CHofXOoKTDOXO^. This was thought 
to result from the esterification of CIL^XCyCIUOII, formed as a pri- 
mary product of addition. 1 1, was found further that 0-nit roethyl alcohol, 
prepared 137 in another way, yields the nitric ester with nitric acid, and 
can be dehydrated to nit methylene with the use of phosphorus pent- 
oxide, and consequently it appeared that nitric acid adds to ethylene as 
IIO — XOo and that a substitution product can be produced by the elimi- 
nation of \v:iter from tin* addition product. The observations were re- 
garded as affording an analogy for the hypothesis that the nitration of 
benzene proceeds by an addition-elimination mechanism (1). 



A still closer analogy was reported by Anschutz and Hilbert, m who 
studied the nitration of <*,a-diphenylotliyleiie in glacial acetic acid. L'n- 
dor mild conditions of operation a nitro alcohol was obtained, and this 
yielded the corresponding unsaturated nitro compound on warming a 
solution of the substance in glacial acetic acid containing a trace of nitric 
acid. The complete process (2) corresponds to that postulated for the 
aromatic substitution. Unsaturated nitro compounds have been ob- 


(C c lI i ) I C-Cl [ 2 -— > (C 6 IW —nil (U fi lUUC=CTT ( 2 t 
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tail led also in small amounts from certain alkenes by the action of nitric 
acid alone or in carlnm tetrachloride solution, isobutylene giving (CH^A 

m Krkuli'v /)Vr„ 2. :CJ!> (ISlW, 

1:<S VWlan.i jumJ S;tk«'ll:irii»s, fin ., 53, 2(11 U!L*tn. 
l3 ‘ Wii'lnud :i u<l Saki'llnrins, Iirr., 52, StlS 
'* Ansel, iiu ami W«t.. 54, IS 51 {I'.UD. 
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=CHNO,, 139 and isoamylenc yielding (CH 3 ) 2 C=C(N0 2 )CH 3 . 139 ' 140 A 
particularly interesting ease is that of ethyl p-nitroeinnamate, which 
yields oil treatment with nitric and 

sulfuric acid at room temperature, 141 that is, under the conditions of an 
ordinary aromatic nitration. 

It can be argued that the postulated dihydrobenzenoid intermediate 
would be so unstable under the dehydrating action of the strong acid or 
mixed acid required to produce it that it might well elude isolation. 
Furthermore, analogous products have been isolated from certain cyclic 
compounds of less pronounced aromaticity than benzene. By the action 
of nitric acid on anthracene in glacial acetic acid, Meisenheimor and 
Cumierade 142 obtained a solution of nitrodihydroanthranol (or its a ce- 


ll OH (Ac) 



II NO* 



tale), and a conversion to 9-nit roanthracene was brought about by 
treatment with mineral acids. A substance similarly regarded as a 
product of 1, 4-addition has been obtained as the acetate from furan. 1,3 
Though these substances may correspond to an essential step in the 
typical nitration of benzene, it is also possible that the addition com- 
pounds are formed in independent reactions not connected with substi- 
tution. The existence of an addition compound in the case of anthracene 
is understandable in either event, for the great reactivity of this hydro- 
carbon enables a reaction to occur under mild conditions, and the special 
structure of a 9,10-dihydroanthracene derivative confers upon it unusual 
stability. These factors would favor equally the formation of an inter- 
mediate essential to the nitration, or a by-product, and experimental evi- 
dence upon which to base a decision is not available. 

It seems necessary to view the analogy between benzene and anthra- 
cene or furan in the nitration reaction with caution, and Michael and 
Carlson 144 have attacked the experimental basis for the analogy with the 
supposes! addition of nitric acid to alkenes. These investigators found 
that at a low temperature colorless nitric; acid containing no nitrous 

1JS Haiti nger, Ann., 193, 300 <lS7Hy. 

“MViclaml and Kahn, 54, 1770 (1021). 

M1 Kricdlacnder and Miijily, lirr., 16, MS (1SS3); Kriodliinder, Ann., 229, 203 (IKS5). 

M2 Mei.sonheimer and ( 'unm-rade, Ann., 330, 133 (1004j. 

113 Erwin: and Johnnm, ,/. .4m. Chrm. Sur., 53, 11 12 (1031). 

Ui Michael and CarL^ii, ibid., 57, 1208 (1035). 
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oxides does not add to ethylene but attacks it destructively, and that it 
merely polymerizes a,a-diphenylelhylcne. The pure acid in carbon 
tetrachloride solution at —20° was found to add as II — 0 X 0 2 to iso- 
butylene and to isoamylene, giving the esters (CH3) 2 C(0X0 2 )CIl3 and 
(CH8)2C(0N0 2 )CH 2 CH 3 . Mi(“hacl and Carlson consider it probable 
that the products obtained by previous investigators with ordinary nitric 
acid are formed indirectly by interaction with nitrous gases produced in 
oxidative side reactions, and that the product CH 2 (X0 2 )CH 2 0X02 
obtained by Wieland and Kakellarios with a mixture of nil ric and fuming 
sulfuric acids is produced by the addition to ethylene of the mixed 
anhydride, 0 2 X — OSO3II, giving CII 2 (X02)CII 2 0S03lI, followed by 
replacement of SO3II by X 0 2 . 

The processes of sulfonation and nitration are clearly related, and 
Wieland 136 interpreted the former reaction as proceeding through the 
addit ion of HO — S0 2 0H to a double bond of the benzene ring with sub- 
sequent dehydration. That sulfuric add can on occasion add to an 
alkcne in this manner, rather than function as H — OSG 2 OH, as usual, 
Wieland inferred from the fact that ethylene yields earbyl sulfate (III) 
lather than ethyl sulfuric acid, on reaction with fuming sulfuric acid, 
k was assumed that an addition of HO— S 0 2 0 II to give isethionic acid 
(I) is followed by esterification to ethionic acid (II), and dehydration to 
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III. Michael and Weiner, 145 however, pointed out that the suggested 
mechanism does not attribute any function to the SO3, S 2 0(5, or H 2 S 2 07 
present in fuming sulfuric acid, whereas earbyl sulfate is formed only 
when such acid is used. From a semi-quantitative study of the reaction, 
those investigators concluded that the essential reaction is between 
cthvlcne and pyrosulfurie acid, and that this adds not as an acid but as 
an anhydride, giving ethionic acid (11) directly. 

HOSOsOII + S0 3 HOtfOj -OSO 2 OII - Cn ' 2 — H ' : > II 

When sulfuric anhydride is in excess, this reacts with II to form earbyl 
sulfate. 

Michael’s work indicat es that nitric acid and sulfuric acid do not 
add to ethylene as HO— Nth and HO— S 0 2 0 II, and consequently that 
there is no analogy in the chemistry of simple alkenes to support the 
addition-elimination theory of the aromatic substitutions. It may be 

N& Michael ami Weiner, 58 , JIM (1930). 
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remarked, however, that a comparison of benzene with ethylene is per- 
haps of doubtful value. That the acids function as H— ONO2 and 
H — OSO2OH with ethylene hardly provides a useful clue to the course of 
the reactions with benzene, for similar additions are out of the question 

in the latter case. The reaction — CH=CH {- H — OSO3H — 

CII 2 CH( 0 S 0 3 H) — is reversible even with alkenes, and, since a dihydro- 
benzenoid addition product of this type could stabilize itself only by 
reverting to the components, it is clear that in the aromatic scries the? 
equilibrium must represent a condition amounting practically to non- 
addition; addition in this manner probably has no significance except, 
perhaps, in promoting a deuterium exchange. With this inode of reac- 
tion blocked, the acids in question evidently act upon benzene in some 
other way, and the addition hypothesis represents one possibility. It is 
also possible that substitution involves merely a direct metathesis, 
CeH-, : H + HO XOo. Substitutions of this type apparently occur in 
the nitration of alkanes 14 *- 147 with dilute nitric acid and in the nitration 
of toluene in the side chain 146 under similar conditions. 

As an alternative mechanism, Michael suggested that nitration and 
sulfonation. may involve the addition of a nuclear hydrogen atom and 
the aromatic residue to an unsaturated oxygen of the acid and the 
attached nitrogen or sulfur, respectively. Water is then assumed to 
separate from the addition product, the complete process being as fol- 
lows: CJI5II + X0 2 (0II) — |(V>lI;,XO(OH.) 2 l — C«II + IM). 
It is assumed that benzenesulfonic acid can result from an addition of 
benzene to sulfuric acid, or S 2 Of„ and that the diphenyl sulfone 
formed in the reaction with fuming sulfuric acid arises by an addition 
of two molecules of benzene to S 2 ( V,. While t his mode of addil ion repre- 
sents a possible course for at least some aromatic substitutions, the 
theory has no firmer foundation in experimental evidence or analogy 
than the others. The mechanism suggested for the sulfonation process 
seems questionable, for two centers of unsaluralion present in sulfuric 
acid are both semi-polar (p. 1S27) double bonds, and it is doubtful 
whether they are amenable to additions comparable with additions to 
C =0 orC=C. The addition product would have an electronic structure 
characterized by a shell of t welve electrons surrounding sulfur, ami such 
a structure seems subject to question. 

Xo very satisfactory conclusion can be drawn from this survey of 
two characteristic substitution reactions, for it appears that the mecha- 
nism of the processes is still an open question awaiting further experi- 
mental investigation. 

144 Kfjnmvulow, Her., 28, flS05j. 

147 Markownikoff, Ann., 302, l r > f ISOS;. 
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Halogenation and the Fried el-Crafts Reaction (p. 553). The idea 
that the catalyzed brominatiori of benzene may proceed through an addi- 
tion to the unsaturated nucleus and an elimination of hydrogen bromide 
was suggested by Armstrong m at an early date, and a number of obser- 
vations have accumulated which seem to support the hypothesis. Abun- 
dant analogy can be found in the aliphatic scries for the 1,2- or 1,4- addi- 
tion of bromine, and there are substitutions which seem to occur by an 
addition-elimination mechanism. <*,<*-Diphenylethylcne 149 and triphenvl- 
ethylene, 150 for example, yield substitution products on bromination at a 
somewhat elevated temperature, and an intermediate addition product is 
sufficiently stable to bo isolated only in the case of the latter hydrocarbon. 
Furthermore, definite and well-characterized halogen-addition products 
arc known in the aromatic series. Phenanthrene reacts with bromine in 
carbon disulfide in the cold to give the crystalline 9,10-dibromide, and 
this decomposes on being heated with the formation of 9-brornophenan- 
1 1 irene and hydrogen bromide. Anthracene adds bromine at a tempera- 
ture well below zero, and the 9,10-dibromide decomposes at room 
temperature. Somewhat more stable dibromides of a-haloan thraeenes 
have been prepared, 151 and anthracene dichloride lias been well charac- 
terized. 152 The isolation of a similar addition product in the furan series 
is reported by Gilman and Wright. 153 Benzene itself forms addition 
products with chlorine and bromine, although in this ease three mole- 
cules of halogen invariably are absorbed and intermediate products are 
unknown.* Ferric bromide, and other metal halides and halogen car- 
riers, promote the formation of bromobenzcnc, but in the absence of such 
catalysts benzene is converted into the hexabromide, the addition reac- 
tion proceeding particularly rapidly in the sunlight. 

It: would appear possible on the basis of the foregoing observations 
that in any cast* benzene and bromine first combine, probably reversibly, 
to form a l,2-(or 1,4-) dibromide, and that the fate of this unsaturated 
intermediate is determined by the presence or absence of a catalyst, of 
the specific type favoring substitution. Without such a catalyst the 
unsaturated intermediate rapidly absorbs two additional moles of bro- 
mine, but if ferric bromide or a similar substance is present this catalyzes 

lls Armstrong, (’Ac//?. 51, 25S (1SS7). 

149 llepp, Her., 7, 1409 (1874). 

1011 J Ic-ll and Wiejsamh., Her., 37, 1431 (1904); Klages and Heilmann, Bcr., 37, 1455 
(1904). 

161 Barnett. and Cook, J. Client. Sac., 125, 10S4 (1924); Barnett and Mathews, Bee. 
trnv. chim ., 43, 530 (1924). 

m Moyer ami Zahn, Ann., 396, 171 (1913). 

163 Gilman and Wright, Am. ('hem. ,SV„ 52, 3349 (1930). 

* For references to work on mixed lialides, see van der Linden, Rcc. intv. chim., 55, 2S2 
(1930). 



180 


ORGANIC CHEMISTRY 


the elimination of hydrogen bromide and a stable substitution product 
results. There are some indications in the chemistry of aliphatic halogen 
compounds that metal halides can function in the manner postulated. 
Gustavson 154 observed that, in the Fried el and Crafts reaction with ben- 


H Br 



zene, n - propyl bromide yields isopropylbenzene, and Kekule 155 showed 
that this is because the normal halide is converted into the isomeric 
halide under the influence of the aluminum bromide employed to effort 
the condensation. Presumably the isomerization is the result of the 
catalyzed elimination of hydrogen bromide, and re-addition, and Kerez m 
reported that propylene can be obtained on conducting tin* isomerization 
at an elevated temperature. Victor Meyer tr,: observed that on bromina- 
lion of aliphatic halides in the presence of ferric chloride or antimony 
pentachloride the second halogen invariably on lei's a position adjacent 
to that occupied by the first, and he considered that the reaction probably 
proceeds as follows: 

RCHjCHBrR' RCIWIIR' — RCHBK’lIBrR' 

The plausibility of the classical addition-elimination theory as applied 
to bromination has been the subject of much debate, but only recently 
has the validity of tin? mechanism been submitted to direct, test. The 
matter hinges on the question of whether a dibromide is a necessary 
precursor of a given bromo-subslitution product, and, although the 
dibromide of benzene is not available 1 for experimentation, there is no 
theoretical objection to tin* use of the crystalline 9, l()-di bromides oi 
phonan throne and anthracene to settle the point at issue. Price 1W umler- 

1H See Wagner, H<r., 11, 1 251 (1878). 

liS Kekule a rut Sc-h rotter, H>r., 12, 2270 MS79>; GuatavsKHi, tf.r., 16, 058 (188.2). 

Kerez, Ann., 231, 2S", ( | 

1J ' Meyer and Mi) tier, prakl, t hem., [2] 46, 1S2 (1X92); Meyer and Pot renin j- 

Kritsehenkn, far., 25, 2201 HS02i. 

1S< Prinr*, Am. ('.hem. Sor„, 58, 1X34, 2101 (1020) ; see also, Moser and Prioo, ifm!., 
68, 1838 (1930;. 
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took an investigation of phenanthrene dibromide with this end in view 
and found, in the first place, that the addition reaction between phenan- 
threne and bromine in non-aqueous solvents is reversible and that the 
position of the equilibrium and the rate of the reaction arc measurable by 
analytical methods (—A F 25 ° ~ 3.2 Cal.). He found further that the 
addition of bromine is a chain reaction, possibly propagated by free radi- 
cals and bromine atoms (I), the evidence being that the reaction is in- 
hibited by substances such as diphenylaminc and tetrabromohydro- 
quinonc which can donate atoms of hydrogen to combine with bromine 
atoms and break the chain, reverting thereby to stable compounds (tetra- 

fCH [CHI Jr Kr 2 [CllBr 

C^TIjn |' + Br Ciallsi j } Calls') S Br (1) 

(CII [CH I CllBr 

phenylhydrazine, tetrabromoquinone). Estimations of the number of 
molecules in the chain indicated that the chain length decreases with in- 
creasing temperature, which accounts for the absence of a temperature 
coefficient in the measured reaction. Kharasch, White, and Mayo 159 
later showed that the addition is a photochemical, oxygen-catalyzed re- 
action. 

On investigating the influence of various halogenation catalysts, 
Price observed that aluminum chloride, antimony pentachloride, stannic 
chloride, iodine, and similar substances promote the substitution reac- 
tion, as indicated by tlu* liberation of hydrogen bromide, when added to a 
solution containing phenanthrene, bromine., and the dibmmide. Some 
of these reagents influence the addition reaction as well, and the effect 
may be cither to accelerate or to retard the addition of bromine. Iodine 
inhibits the formation of phenanthrene dibmmide, probably by inter- 
acting with chain-propagating bromine atoms, but it acts as a typical 
catalyst of the reaction lending to the production of 9-bromophenan- 
threue and the liberation of hydrogen bromide. The most important 
point at issue was to determine whether these products arise from the 
direct decomposition of phenanthrene dibromide or by some other route, 
and the results supported the latter conclusion. The pure dibromide is 
stable* in solution at 25° and does not revert to the equilibrium mixture 
containing phenanthrene and bromine unless a trace of free bromine is 
present. The addition of iodine to a solution of the pure dibromide pro- 
duces no change, and hydrogen bromide is liberated only after a trace of 
free bromine has been introduced. The rate of HBr-formation is then no 
greater than in a solution initially containing equivalent amounts of 
phenanthrene and bromine. Evidently 9-bromoplienanthreue is not 

U9 Kharasch, White, anil Mayo, Org. Chan., 2, 574 (193S). 
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produced by the elimination of hydrogen bromide from the addition 
product, and indeed when phenanthreue dibromide is treated with potas- 
sium acetate-hydroxide in methanol solution it jdolds phcnanthrene 
rather than 9-l>romophenan(hrene. ,6l, The addition-elimination theory 
seems to be definitely excluded by these observations, and it appears that 
the dibromide is not a necessary precursor of the substitution product 
but that it probably is formed from a radical or ion. If a radical is 

iCIlHr | C 'Hr 

CisFIs i + A „ Hr * — (YdU " + H Hr + A a Hr* i (2) 

(ClI (cii 

involved in the first phase of the reactions, a catalyst A may function in 
combination with bromine as a hydrogen acceptor and so influence the 
rate of substitution (2). 

Price notes that the substitution can be interpreted equally well on 
the assumption that the essenlial intermediate subject to influence by 
catalysts is a roordinative complex of a type suggested by Pfeiffer and 
\Mzinger. 16t These authors observe (bat the usual catalysts (PePr*, 
AK.'I#, SbC'lj, Snt'l.}, Fo ) art* all substances capable of forming complex 
anions with chlorine or bromine, and they postulate the formation of 
polar complexes of the type indicated in formula I. It is considered that 



-j” Hf2 “f" I’ (* I "il* 3 — * 


11 



IVP.r* 


I 


the ionic charge' is only weakly developed except when polar groups arc 
present in the ring, and that >ueh gmup> by repubion or attraction deter- 
mine* the localization of the charge* and hence lix the orientation (see 
below). The formulation is supported by the isolation of complexes as 
intermediates in the broinination of o,o-di-(/Mlimcthylaminophcny] 
ethylene, for example, j ((( Tf ;< i 2 N( V.FF i — 1 2 (- ‘ (‘ILIir| Hr-f . Accord- 
ing to this theory, the hrominatioii of phenanthreue follows the course 
indicated in scheme p), when* A is the catalyst molecule. 


CuH. 


|CH 

[CII 


+ Hr, + A 


[ Clllir “ fCHr 

CVII, 1 Alii " * Ci H , -f-lIHr-t-A {■>) 

I cii leu 


1M lotstT. Jar-oK-M], and Prirc, ./. Aim. Cfum. Stir., 58 , Clli.i (UMii. 

U1 Pffiffrr and WiziiiKfT, ,1/ift., 461 , VA'J. fllljSi. S<-<- ;il,. u J ‘fi-ilTt-r and Schnnidnr, 
prakf. ('firm., [ 2 ] 129 , 12!) <1931 •; WuitiKfT, Z. nr'p<i. i'tnm., 44 , 169 (1951): /W., 46 , 
756 ( VS-i'A ) ; Moorwcin, ihui., 38, 815 (1925;. 
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The conclusions regarding halogenation probably are applicable to 
the Friedel and Crafts reaction, for there is considerable correspondence 
in the two processes. Both reactions proceed under the catalytic influ- 
ence of specific metal halides, and hydrogen halide is a product of both 
substitutions. 162 In the catalyzed reaction of acid chlorides, there is 
some analogy in the action of these substances and of bromine on com- 
pounds containing isolated double bonds. Darzcns 163 observed an inter- 
mediate addition in the reaction of acetyl chloride with cyclohexene, and 
the chloroketone II was further characterized by Wieland and Bettag. 164 


yCHr 


CII 

H 2 i hll 


\}\l/ 


yCll* 


CIRCOCl fbC 

A1CI * > n 2 i 

^CH 2 ' 

11 


cacociis aig 3 h 2 c 

t — > I 

CHCl H 2 C 


.CII; 


III 


CCOCIIs 
CH + HC1 


The addition occurs at a temperature of — 18°, and, at a somewhat higher 
temperature, in the presence of aluminum chloride, hydrogen chloride is 
eliminated and the unsaturated ketone III is produced. The analogy to 
the addition of bromine t o an alkene and to the catalytic decomposition of 
a bromide is evident. The Darzens reaction has been adapted to synthetic 
purposes 165 and affords a convenient method of effecting cyclizations. 
Because of the reactivity of the isolated ethylenic linkage as compared to 
a benzenoid double bond, the milder condensing agent stannic chloride is 
usually employed to effect the addition, and hydrogen chloride is clinii- 
naled with the use of dime! hylani line. 

From a practical point of view, there are important differences in the 
Friedel and Crafts synthesis of ketones and of alkylated hydrocarbons. 
In the former ease the unsaturated group introduced decreases the reac- 
tivity of the nucleus and a sharp stopping point is reached at the stage of 
monosubstitution, whereas the introduction of an alkyl group facilitates 
further react ion and some polysubslit ution is inevitable. This difference, 
however, does not alter the theoretical aspects, and the same can be said 
of the fact that the amount of aluminum chloride required for the reac- 
tion with alkyl halides is only a small fraction of that which must be used 
to effect condensation with an acyl halide or an anhydride. In the typical 
Friedel and Crafts ketone synthesis both the acid chloride and reaction 
product form with aluminum chloride complexes which are stable in the 
anhydrous reaction mixture, and it is necessary to employ at least one 

162 Sehsiarschmidt, Z. angeir. ('hem., 37, 28(5, 802 (1024). 

103 Darzcns, Compl. rend., 150. 707 (10101. 

1M Wioland mid BcIIak, Her., 85. 224(5 (.10225. 

lfif> Cook and Lawrence, J. (View. Soc., 1(537 (1035). 
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full equivalent, of the metal halide. A number of these complexes were 
isolated by Perrier, 166 and Kohler 167 found from boiling-point and freez- 
ing-point determinations that the Perrier compounds invariably are 
composed of two molecules of the carbonyl compound and one (“double”) 
molecule of aluminum halide: AUXc *2110001, and A1 2 Xg -21000 . 
It was established further that the complexes are not formed by addition 
to the carbonyl group, for aluminum halides form double compounds 
with ethers as well as with carbonyl compounds. With this observation, 
Kohler characterized the Perrier compounds as oxonium salts, and the 
work was confirmed and extended by Pfeiffer. 168 Kohler employed the 


Cl Cl 

[ /AHChJAk | 
CeHiC^CK >O=--0C 6 II s 

X C1 CK 
iv 


Cl ,Ak Cl 

C 6 iui= 0< /O— ic&lh 

X CI Cl' 
v 


Aicir 


noncommittal formulation IY, for the benzoyl chloride complex, and a 
possible interpretation is given in formula V. 

Oddly enough, instead of playing an essential part in the ketone 
synthesis, these complexes if anything hinder the reaction. This is 
particularly true of the double compound of the ketone formed in the 
condensation. It is because the ketone binds aluminum chloride so 
firmly as to render it unavailable for catalysis that a molecular equivalent 
of the halide is required to complete the reaction. The complex from the 
acid chloride, although it is not measurably dissociated in boiling carbon 
disulfide solution, appears to be somewhat less stable, for Olivier 169 
found that the addition of bcnzopheiione In a solution containing the 
Perrier compound from benzoyl chloride and aluminum chloride pre- 
vented the reaction of this compound with benzene. The ketone evi- 
dently abstracts the metal halide from the acid chloride complex. Olivier 
observed further that a slight excess of free aluminum chloride has a 
stronger catalytic action than that bound by the. arid chloride. The 
Perrier compounds therefore are not concerned with the actual substitu- 
tion reaction, and their formation in the course of one type of Friodel 
and Crafts condensation is fortuitous. 

Many years ago Gust arson 170 isolated labile complexes from benzene 
or toluene and metal halides, for example AlIIr :{ VJTr, (or possibly 
AlgBrp, •fiCfjHpj, and he suggested that those smmdary valence com- 
pounds may activate the ring for reaction with halogens. The idea was 

m Perrier, Compt. rwl., 116, 1 MO, 120S flWPSi ; 119, 270 <1X04). 

147 Kohler, Aw. Hum. 24, 3X5 (1000) ; 27, 241 (1002.1. 

15H Pfeiffer and JIas»*-k, ,1/m., 460, loll (I02X), 

1H Olivier, Cb.m. WMIwi, 11, 272 (1014 1. 

179 GuHtavHon, Birr., 13, 157 (1XX0); 16, 7X1 rixxty. 
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later elaborated and applied to the Friedel and Crafts reaction by 
Schaarschmidt, 162 but there is as yet no evidence that such complexes 
play a part in the actual reaction. Since Gustavson’s complexes are 
stable only at a temperature considerably below that ordinarily main- 
tained in the reactions, it is indeed unlikely that they are concerned with 
the substitutions. If intermediate complex formation constitutes an es- 
sential step in the substitution, this more probably involves a combination 
between the organic halide, the metal halide, and the hydrocarbon. 
From anthraquinonc, a carbonyl compound incapable of undergoing the 
Friedel arid Crafts reaction, Kohler 167 succeeded in isolating a complex 
containing three components, AWBrn O^HsOa ^C^Ho. When a reac- 
tive carbonyl component (acid chloride, anhydride) is used, it is possible 
that a similarly constituted but labile complex is formed. In view of the 
clear analogy between tbe Friedel and Crafts reaction arid the process of 
catalytic halogenation, the most plausible formulation is perhaps that of 
Pfeiffer and Wizinger, 

2 (^j) + 2UC1 + AbCle - (^^jj AUClr - 2 + 2HC1 + AhCb 

Reactions of Phenols and Amines. Certain substitution reactions 
are so specific to phenols and amines, in contrast, to other aromatic com- 
pounds, that it will be well to consider the possibility that they follow 
a course different from other substitutions. The coupling reaction, and 
the related processes of nitrosation and condensation with p-nitroso- 
dimethylanilino, fall into this category; other specific substitutions in- 
clude the rapid, non-eatalytic halogenation of phenols and amines in 
dilute solution, the condensation of these substances with aldehydes, 
and the formation of various types of C-alkyl derivatives. It is signifi- 
cant that all these reactions arc characteristic as well of the aliphatic 
ends, and the mechanism probably is essentially the same with the two 
types. The possibility ,7 ‘ that the substitution reactions of either the 
phenols or their aliphatic prototypes is associated in any w T ay with 
a process of tautomerism may be eliminated. Dimroth 172 examined 
several pairs of aliphatic keto-enol tautomers which were known not 
to undergo appreciable change under conditions suitable for coupling 
experiments (in alcohol at 0°) and found that only the cnolic forms react 
with p-nitrobenzenediazoic acid: — C(OH)=CH — — ► — C(OH)= 
G(N=NAr)— . The examples included one pair of a near-aromatic 
type, l-phcnyltriazolone-5-earboxvlic arid (I a) and the corresponding 

171 Thielo, A™.. 306, 120 (1S99). 

172 Dimroth, Hit., 40, 2104 (1907). 



1S6 


ORGANIC CHEMISTRY 


enol. While the koto form (la) failed to react, the enol (16) coupled 
with displacement of the carboxyl group. 


C«II 5 X“ 
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/COsH 
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A test of the point in the aromatic series became possible with K. H. 
Meyer's 173 isolation of the pure tautomers anthranol (II«) and anthrune 
(116). Wliile phenols and naphthols show little tendency to ketonize, 
the isomerization of the 9-hydroxv derivative of anthracene is favored 
both by the reactive o-quinonoid structure of the enol and by the sta- 
bilizing influence on the centra! nucleus of the keto form exerted by the 
two flanking benzene rings. The cold solution in alcohol contains at 
equilibrium 89 per cent of the nearly colorless, non-fluorescent anthrune, 
while pyridine products complete isomerization to anthranol, a yellow 
substance which is strongly fluorescent in dilute solutions. Acetone, as 


OH 0 



Hi 

Ha 116 


compared with alcohol, displaces the equilibrium in favor of the koto 
form. In suitable solvents, and in the absence of acids or bases, tlu* 
change from one form to the other occurs sufficiently slowly to ('liable 
tests to be made of the reactivity of each tautomer, and Meyer found 
that anthranol alone enters into reactions characteristic of phenols. 
Anthranol couples easily with diazotized amines and is oxidized at once 
to dianthrone, while anthrune reacts in each case only to t hr extent that 
it isomerizes under the conditions of the experiment. There is no justi- 
fication for attempting to associate the special properties of phenols and 
amines with the evidently fortuitous fact that these compounds theoreti- 
cally are capable of reacting in laut.oinerie forms, for in a tost case it is 
established that the ketonie modification is wholly devoid of reactivity. 

Another possibility is that the mobile hydrogen atoms of the Oil 
and NH 2 groups suffer temporary replacement by the substituting radi- 
cal. The substituent may first enter the hydroxyl or amino side chain 


m Mcyrr, Ann 379, :i7 (lflllj. 
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and then rearrange to the nucleus, and the hypothesis that the character- 
istic reactions proceed by an indirect substitution 174 or “side-chain 
catalysis” is lent plausibility by the fact that certain substitutions 
definitely follow the course of a true intramolecular rearrangement. A 
case in point is in the preparation of sulfanilic acid from aniline sulfate. 
Bamberger 175 showed that the aniline sulfate loses water on being 
healed and gives phenylsulfamie ac id, IV, which can be prepared also by 
condensing phenylhydroxylamine with sulfur dioxide, the product being 
isolated as the stable sodium salt. On moderate heating, the sulfonic 
acid group of IV migrates to the ring to give orthanilio acid, V, which, at 
a higher temperature (180°), rearranges to the p-isomer, VI. The forma- 
tion of oriho and para compounds is in marked contrast to the production 
of metanilie acid by the direct sulfonation of aniline sulfate with fuming 
sulfuric acid. The rearrangements were interpreted by Lapworth 176 in 



terms of his a, 7 -rule, which in this connection has no theoretical implica- 
tions other than the assumption of the Kekul4 formula, but which is of 
great value in correlating a large number of intramolecular shifts. In the 
cnol — * koto change, or the reverse, hydrogen migrates from the a- to 
the y-position, with transposition of the double Ixuid to the original a,jS - 

CH 3 CII 3 


H— 0— O=CIIC0 2 ll ^ 0=C— CII 2 CO 2 R (1) 

a 0 y y 0 a 

OH 

R(TICH=CH 2 4 - HC1 -> R01I— CllClhCl -f II 2 O (2) 

a 0 y 

position (I) f while in the allylie rearrangement (2) a similar process 
occurs in the course of (he exchange of groups. In the case of an amine 

1,1 van Alphen, live. trar. chim 46, SO-1 (l!lL'7t. Soo, ako, lilanksma, ibid., 21. 2S1 
14 ltamberKcr and ]lindt*rm:inn, Wit., 30, li.Vl (,1 S‘.i7i ; UamlxTger and lvunz, Bcr., 30, 

=*74 0X97). 

1 , 6 EipworUi, J. Cfu m. Sov., 73, 145 (1SUK). 
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or phenol derivative, the «, 7 -migration of the group A is followed by an 
a, 7 -shift of hydrogen in the reverse direction. The para position is 

« Nil A f > Nil "| NILo 



reached bj’ a second migration in the new 0 , 7 -system. This interpreta- 
tion accounts adequately for the fact that mcUi derivatives are never 
formed by true rearrangements. 

Other examples of rearrangements (p. 905), with indications of the 
nature and direction of the migrations, are given in the accompanying 
formulas. 



In the first three, rearrangement is brought about at low temperatures 
by treatment with acids; X-mcthylaniline rearranges when the hydro- 
chloride is heated to about 300°, while migration of the tripheuylmethyl 
group occurs at 100° in the presence of zinc chloride. Tin* question of 
whether reactions of this type proceed 1 )}’ a true intramolecular migra- 
tion or intermolecularly has been investigated particularly with reference 
to the conversion of X-ehloroaeet anilide into p-chloroaeetanilide under 
the influence of acids. From an extensive study of the problem, Orion 



and co-workers * concluded that in aqueous acid solution the chluro- 
aminc Miffers hydrolysis, CJ^XCCljCOCH, -{- UC! -> ( Y, IF, NIK ’< X U 
-f Cl 2 , and acts as a sourer; of chlorine for a nuclear substitution, Olson 

* The prinripal fevifliriiro m sumrnarizM in thf? following pajHT.s and reviews: Ortmi 
and .lout.-. Hr it. .-Itvoc. Admno mmt Sri. Itrptx., 1010. {>. S.^; Orton. Soj»( i r, ami Williams 
J. Cb.m. H or.. 90S (192X,; Ingold, Ann. Kept*. <%m. Hoc. {London), 24 . 1;V1 (1927;. 
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and co- workers 177 studied the rearrangement in the presence of radio- 
active hydrochloric acid, however, and concluded that the reaction 
proceeds partly as suggested by Orton and partly by a more complex 
process . 138 Bell 179 has reported that in non-dissociating solvents the re- 
action is probably intramolecular. 

A particularly clear distinction between rearrangement and direct 
substitution can be made in the case of the formation of o-allylphenols 
by the methods discovered by Chi i sen . 180 Claisen found that potassium 
pbonolate can bo converted by the action of allyl bromide largely into 
either the O-allyl or the O-allyl derivative according as an ionizing or a 
non-ionizing solvent is employed, and he also observed that the allyl 
ether VII rearranges to o-allyl phenol (VIII) on being heated. 


on 


+ ni2=ciiniop,r 


OCHoCII— CHo 



Fmm these facts alone it might be supposed that in the course of reac- 
tion in benzene solution the ether is formed and rearranges to the nuclear 
substitution product VIII, but it was found that the ether does not 
rearrange under the conditions of the alkylation. Ail absolute proof of 
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1<7 Olson, Porter, Long, amt Halford. Am. ('hnn. S<ir., 58, 2407 (1936). 

1<lf Olson and Hnnu'l, J. (hy. Chun., 3. Tt > (193S). 

179 noli, ,/. (7/,-fli. .s 1 .,,-., 1154 U936'. 

m C’laisen, Z. angnr. i'hrm., 36, 47S (1923': Claisen, Krcmers, Roth, and Tietze, 
dnn„ 442 , mi) (i()25> ; ( ‘laisen and Tietzo, Ann., 449, Si {1920). See Torbell, Chnn. K<v., 
27 < 4U5 (1940). 
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the point is furnished by introducing a marking substituent in the ally] 
group, for then the product (IX) obtained by O-alkylntion and rear- 
rangement is found to have the alkyl group in the opposition of the allyl 
chain, whereas the direct alkylation in Ix'iizenc gives a y-substituted u- 
allvlphenol, X. The Claisen rearrangement may proceed through an 
a, y-shift, or allylic transformation, with respect to both the nucleus and 
the hydrocarbon group, 181 but it is evident that the process is entirely 
distinct from that of direct O-alkylation. A knowledge of the course of 
the former reaction consequently is of no value in elucidating the mecha- 
nism of the substitution. The same distinction exists between the rear- 
rangement of allyl ethers of aliphatic onols and the G-allylatiun of the 
enols. With respect to direct substitution, the enols differ from the 
usual phenols only in being sufficiently reactive to yield C-alkyl deriva- 
tives with saturated alkyl halides, while phenols react, in this way only 
with the more reactive 0,7-unsat mated alkyl halides. In the ease of 
anthranol, however, the distinction vanishes for, owing to the enhanced 
reactivity of the central nucleus, (’-alkylation occurs in part in the reac- 
tions with methyl and ethyl iodide. 

A direct (.’-alkylation probably is involved also in the first step of 
the Reimer-Tiemaim reaction, in the manner indicated in the formulas. 
The succeeding steps have been established definitely by Armstrong. 1 * 



i!. alkali; 


Although the dichloromethyl derivative of phenol hits not boon isolated, 
evidence that such an intermediate is produced is afforded by the work ot 
von Aimers, 1 * who discovered an interesting type of by-product in inves- 
tigating the reaction of chloroform with various alkylated phenols in 

1,1 arid lilhi-rt, ./. Am. ('hem. Sue., 58, I'tSS I.jukt and I'n^nadi*, thul.. 

58, 1'tfrJ f lO'iUi, tiav«! rej*iit<-d ll»* anomalous n'urrutiwim'iit ( tlljOt ‘It S H -l 'lit H j* IE 
- < yiMOIMTitnii/'H rijcHj. 

1 ArrnHtron^ and nirliardson, ./. ('hern. Snr 4fM> (VXili). 

1,3 v. Auwfrs aiirt Winti-niiU, lii r., 35, UiJi <1‘402) ; v. Auwor* and H> r., 35, -VJt 0 
fVMyj/. Woodward, ./. Am. Cht-m. Sue.. $2, 1208 (1010), han applied the reaction to tl»‘ 
synthe-in of f*olynue|ear romi>oiinds having auipilur i u ct.liy 1 groups. 
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alkaline medium. p-C resol, for example, was found to yield in addition 
to a hydroxyaldehyde a considerable quantity of a crystalline compound 
which was fully characterized as the chloroketone XL T he substance is 
hydrolyzed only with difficulty, it reacts with the usual ketone reagents, 
and on reduction it yields p-c resol and methylene chloride. Rather than 
block this form of substitution, alkyl groups seem to promote reaction at 
the point of their attachment to the nucleus, and the chloroketones are 
sometimes formed in yields as high as 40 per cent of the theoretical 
amount. The formation of these compounds shows clearly that the 
entrance of the dichloromethyl group into the ring, as supposed above, is 
possible. The observation also provides a significant due regarding the 
mechanism of C-alkylation, and consequently of the other specific substi- 
tution reactions of phenols and amines. The chloroketone XI cannot 

0 

“> Q + KOI 
11 3 C CHCiz 

XI 

arise by a process of direct replacement, and a condensation of chloroform 
with the koto form of p-e resol is excluded by the evidence presented 
above and by the fact, that the reaction is conducted in a strongly alkaline 
medium. The reaction must involve some form of addition of chloro- 
form to the unsaturated nucleus, followed by the loss of potassium 
chloride. The reaction is particularly significant because it involves the 
transformation of an aromatic ring into a dihydrobenzenoid ring.* 
Such a change is observed frequently with the polynuclear compounds 
but, because of the adverse energy relationships, is rarely encountered 
in the benzene series. The occurrence of the addition is particularly 
remarkable because an alternate path is open leading to the formation 
of the e-hydroxy aldehyde. For these reasons this case of addition can 
hardly be dismissed as an abnoimal side reaction but must be regarded 
as intimately associated with the process leading to the more usual 
C-alkylation. 

The coupling reaction of amines and phenols and the process of 
nitrosation are appropriately considered together. The similarity be- 

* It, is important to note Umt tin* eldornketone XI does not have a quimmoid structure, 
tor only one of two /mra cjirlxin atoms is doubly Ixnind In another element. The decree of 
'uisaUiration ami conjugation is considerably less than that of a quiuone or a quinonoid 
^unpomul and the substance is colorless. The corresponding quinol (OH in place of 
Ulri 3 ) is likewise colorless. 
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tween these two processes extends to the conditions and limits of the 
reactions, the orientations, and the structures of the reagents, at least in 
the forms HO — N=0 and HO — N=NC 6 H 5 . The latter formula is that 
of the substance resulting from the hydrolysis of benzenediazonium 
chloride, [C 6 H 5 N=N] + + OH" <=> C 6 H 5 N=N()H (the hydrolysis con- 
stant at 0° is 1.25 X 10 -3 ).* In the early literature the substance was 
termed benzenediazohydrate or benzenediazohydroxide, but, since it is a 
weak acid comparable with nitrous acid and forms metal salts which are 
called diazotales, the name brnzenediazoic acid seems preferable. Co- 
nant and Peterson 184 studied the kinetics of the coupling of diazotized 
amines with phenols in the region pH 5-8 and found that the rate of the 
bimolecular coupling reaction increases regularly with increasing hy- 
droxyl-ion concentration. The amount of aryldiazoie acid present in 
equilibrium with the diazonium ion increases with increasing pH, and 
Conant and Peterson interpreted their data as indicating that coupling 
occurs between the aryldiazoie acid and the undissociated phenol. Gold- 
schmidt 1S5 had observed in qualitative experiments that alkali in excess 
has a retarding influence on the reaction, and this could be due partly to 
the removal of the phenol from the equilibrium as the phenoxide ion and 
partly to a decreased concentration of the aryldiazoie acid by virtue of 
its acidic ionization. W'istar and Bartlett, 1 * however, have pointed out 
that the results agree equally well with the hypothesis that coupling 
occurs between the diazonium ion and the phenoxide ion. These inves- 
tigators studied the rate of coupling of diazonium salts with amines in the 
pH range 2 (i and found that the velocity at first inn eases with increasing 
pH and then reaches a plateau value. Their kinetic data art* consistent 
with only one plausible interpretation, namely, I hat the coupling is be- 
tween the diazonium ion and the free amine. Although the quantitative 
studies have not been extended to the alkaline range, it seems probable 
that in all cases the diazonium ion constitutes one of the active coupling 
components and that the second component is the free amine or the 
phenoxide ion. In the following discussion of the general problem the 
aryldiazoie formulation is used both as a matter of convenience in out- 
lining earlier views and in order not to lose sight of the marked analogy 
between the processes of coupling and of nitrosation. 

The possibility that the coupling of a phenol proceeds by attachment 
of the diazo group to oxygen and subsequent, rearrangement of the diazo 

* l or a review of the properties and .strllHiires of the diazo compounds, see Saunders, 
"The Aromatic I )iazo ( 'omjjournl.s,” Longmans, Green ami (‘o. .London ( 1030), pp. 173 -Id. 

15,4 Conant and Peterson, ./. Am. (‘firm. Soi:,, 52, (1030), 

Goldschmidt and Mens, Jirr., 30, 070 (1K07) ; lirr 35, 3534 (ltKIJ). 

1SB Wistar and liartlett, ./. Am. Chvm. fioc., 63, 413 (1041), 
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ether was discussed as early as 1870 by Kekule, 187 and the hypothesis 
was given prominence by Dimroth’s 188 discovery of ethers of this type. 
From the enolie form of tribenzoylmethanc (potassium salt), Dimroth 
obtained a yellow diazo ether which isomerizes when heated above the 
melting point to a red C-azo compound. From the interaction of p- 

OII 0— n=nc 0 h 6 

i i 

C 6 lI 6 C=C(COC«lI 6 )i + IIOX=XC«II 5 > C 6 H 6 C=C(COC 6 H 5 ) 2 

iip.,1 o X=NC,H, 

— I! | 

c«n 5 c— c(COC 6 u s )i 


bromobenzenodiazoic acid and p-nitropheuol in the presence of soda 
and alcohol, he succeeded in preparing the labile diazo ether XIII. 
The substance is easily cleaved by acids to p-nitrophcnol and a p-bromo- 
benzenediazonium salt, it gives up the diazo group to j?-naphthol with 
liberation of p-nitrophenol, and it is converted into a true o-azophenol, 
XIV, on being heated gently. That the ether is sufficiently stable to be 
isolated is probably due to the influence of the nitro group in rendering 
the aromatic ring loss susceptible to the entrance of the diazo group, but 
Dimroth recognized that the use of the rather strongly acidic p-nitro- 
phenol has the theoretical disadvantage that the product may be merely 
a diazonium salt [RiCYJ^N^XI+OoXCgHiO - . In a later investiga- 
tion, 189 however, it was found that the substance has very little conduc- 
tivity and consequently is not a salt. A true diazo ether was prepared 


OH 0— X=XC 6 Hd>r OH 



also from the weakly acidic pontamethvlphenol, in which nuclear substi- 
tution is impossible, the other component being the unusually stable 
diazonium salt from d-benzovlamino-l-naphthylamine. The properties 
of the substance, are essentially as outlined above, and the conductivity 
is negligible. The product obtained from picric acid, on the other hand, 

187 Kekulf mid llidoKh, Her., 3, 233 (1S7U). 

188 Dimroth ami Hartmann, Her., 41, 4012 (HH1XV 

188 Dimroth, Reiehtlin, and Friedmann, Her., 50, l.VU U»17). 
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proved to bo a diazonium salt and not a diazo other. Diazo others have 
been prepared also from I-halo-2-naphthoLs. 190 

While the isolation of diazo ethers seemed to Dimrolh to support 
the hypothesis that the ordinary coupling reaction proceeds through the 
formation and rearrangement of an intermediate ether, no evidence has 
been presented to show whether these substances are essential to the 
coupling process, or merely incidental products formed in an independ- 
ent reaction. By analogy with the similarly constituted N-azo com- 
pounds, it may be inferred with reasonable assurance that they are 
not concerned in the actual process of substitution. Diazoaminobcnzene 
(XV) results from the interaction of benzenodiazonium chloride and 
aniline in a neutral or alkaline medium, and it is reconverted by hydro- 
chloric acid into the components, or their transformation products. 
Conversion of the X-azo compound into p-aminoazobenzene (XVI) 
can be brought about in a solution of the substance in aniline containing 
aniline hydrochloride or in an alcoholic solution of hydrochloric acid, 
zinc chloride*, or calcium chloride. The reaction is unimolecular 181 
and subject to acid catalysis, but the acidity must be kept below the 
point of total cleavage. The chief reason for believing that the miction 
does not follow the course of an intramolecular rearrangement is that the* 
diazo group can be captured by a foreign amine which has a sufficiently 
greater susceptibility to nuclear substitution. 1 *- When submitted to 

XH — X=XC«Hj XH, 

(C 6 H 6 NHaCl) 

I 

X=XC 6 II» 
xv xvi 

“ rearrangement'' in the presence of dimethylaniline, diazoaminohen- 
zene yields a considerable amount of p-dimotliylaininoazobenzeiu*. Tin* 
Cf,II’,X==X — residue also can be transferred from diazoaminobcnzene to 
the more reactive nucleus of m-toluidinc. 193 Of further significance is 
the observation of K. II. Meyer 193 that the direct coupling of primary 
amines of the* benzene series, without the preliminary formation of a 
diazoamino compound, can Ik* realized by using a particularly reactive 
diazo component, by employing an amine of enhanced reactivity, or by 
conducting the reaction in a medium of such acidity that the N-azo 

1.0 Rowe and Fetors, J . Chum. Sue., 1005 0031). 

1.1 Goldschmidt and Roinders, Her., 29 , 1300, 1899 (1800) ; Goldschmidt and Sale her, 
Z. phynk. Chtm., 29, 89 (1800). 

192 Roscrihauer and Uri«er, Iiw., 61, 392 (1928). 

m Meyer, Hit., 64, 2205 (1921). 
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compound is not stable. Examples of these processes are found in the 
formation of aminoazo compounds, rather than diazoamino derivatives, 
in the following cases: p-nitrobenzenedi azoic acid + aniline, benzene- 
diazoic acid + m-toluidine or m-phenylenediaminc, benzencdiazoic acid 
+ aniline (in aqueous formic acid solution). As stated in an earlier 
section, direct coupling even in a neutral medium is the rule with the 
primary amines of the naphthalene series, owing to their reactivity. 
These observations all indicate that N-azo and C-azo compounds are 
formed in independent reactions. The apparent “rearrangement” of 
diazoaminohenzeno probably involves acid cleavage to the diazonium 
salt and the amine, followed by a more rapid recombination of the com- 
ponents to give the nuclear substitution product. Since the acid concen- 
tration would remain constant in a given experiment, the rate-controlling 
reaction would be unimolecular. It is concluded that N-azo compounds, 
and by inference O-azo compounds, are not essential to the actual process 
of substitution in the coupling reaction. 

In addition to the evidence that an indirect substitution is not in- 
volved in the coupling of phenols and primary amines, it is significant 
that tertiary amines, with which intermediate substitution in the side 
chain is not possible, couple readily with diazo components. K. H. 
Meyer 194 discovered that many phenol ethers also are capable of coup- 
ling, although combination takes place less readily than with the 
corresponding free phenols. Some augmentation of the driving force 
is required, and Meyer found that this can be accomplished by suitable 
activation of either component. The introduction of nuclear nitro groups 
or halogen atoms increases the coupling power of the diazo component, 
while alkyl or alkoxyl groups in the meta position enhance the reactivity 
of a given other. Conducting the coupling in glacial acetic acid solution 
in the presence of sodium acetate, Meyer obtained azo compounds in the 
following typical cases: 


2,1 -(X t b) 2 ( V I*X =N( ) 1 1 + nnisole 

o-, m-, ur p-NOaC-MEX— NOII + resorcinol dimethyl ether or a-naphthol 
methyl ether (but not anisole) 
p-RrOfiH iN=X()H -f tt-naphtliol methyl other 
C 6 Hi,X=X()lI + phloroglueiuol trimethyl ether 

The acetyl derivatives of phenols and amines do not react under com- 
parable conditions. Nitrous acid was found to react with a-naphthol 
methyl ether with loss of the methyl group. 

The fact that many phenol ethers and dialkylamiues enter into the 
coupling reaction even though they are incapable of forming inter- 

154 Moyer ami I.onhardt. Awn.. 398, 74 (1013) ; Moyer, Irsrhirk, and Sdilossor, Bit., 
1741 (1011). 
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mediate O-azo or N-azo compounds is a strong indication that such 
intermediates arc not essential to the coupling of free phenols and of 
primary and secondary amines. There is little justification for supposing 
that phenol ethers couple by a path different from that taken by the 
phenols simply because they react somewhat less readily, since a high 
degree of reactivity is displayed by the dialkvl derivatives of aniline. 
As an alternate mechanism, applicable to the alkyl derivatives and free 
hydrogen compounds alike, Meyer suggested that coupling proceeds by 
an addition-elimination process. The para coupling of a free phenol is 
regarded as a 1,1-addition to the conjugated system of the nucleus, 
followed by the loss of water, either across the ring (3) or from the 
methylcncdihydroxy group (4), and enolization. In the ease of an 
ether, the second mode of elimination may take precedence and lead to 
hydrolysis, and indeed such a result frequently is observed. According 
to this view the function of the hydroxyl or amino group is simply to 
activate the unsaturated system for addition. In support of the sug- 
gested mechanism is the observation of Meyer that the methyl ether 
of 10-methyl-9-anthranol, NYU, reacts with /Miitmbenzenediazoie acid 
to give a substance characterized as the met hylarylazoan throne XYlfl. 
Some form of addition to the reactive central nucleus evidently occurs 


OR 



t 

X=N Ai- 


in this case, and according to the above «*heine this takes the usual 
course (4j except that enolization cannot occur in the final step. 


OCH* O 



XVII XVI It 
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The observations of Meyer concerning the coupling of ethers were 
extended by von Auwers , 195 who compared the action of ^-nitrobenzene- 
diazoic acid on a large number of alkylated phenols and their ethers. 
The most significant outcome of this work was the recognition of a very 
interesting difference in the. influence of substituent groups depending 
on their location in the nucleus. In agreement with the observations of 
Meyer, von Auwcrs found that alkyl (or alkoxyl) groups in the meta 
position to the functional group of a phenol or ether facilitate coupling, 
but he observed that alkyl groups in the ortho position had no activating, 
and perhaps a slight inhibiting, effect. wi-Xylenol ether (XIX), for 
example, couples more readily than m-cresol ether (XX) or perhaps 
than (M'thyl-w-xyleiiol ether (XXI). Coupling occurs with the methyl 
ether of w-rresol, but not with that of o-cresol. 

The influence of a mvtn alkyl group is understandable, for this type 
of group would be expected to facilitate substitution at an adjacent 


OCII3 OCHj ocir 3 

i ! I c 2 ii 5 



XIX XX XXI 


position. It seems remarkable, however, that the substitution should 
be hindered by a group in the remote ortho position. The blocking 
effect of an ortho group has not been definitely established in the phenol 
ether series but has been observed strikingly in the reactions of amines. 
While dimothyl-w-toluidine (XXII) couples easily with diazotized am- 
ines, gives a nitmso derivative, and condenses with aldehydes, these 
reactions fail entirely or proceed only slowly or under special conditions 



XXII XXIII 


in the ease of dimothyl-o-toluidine, XXIII. t9G * This amine does not 
react with nitrous acid, with formaldehyde (except under forcing condi- 

195 V. Auwcrs :iml Michaelis. 47, 1275 (1914); v. Auwers and Borache, Btr., 48, 
171*5 (1015). 

198 Kiiedlaemler, Mannish., 19, 027 (ISOS). 

* I'W fin tlicr examples, see (inelini and lilumor, -1/m., 304, S7 (1S99). 
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tions), or with bonzcnediazoic acid, all hough a coupling can be achieved 
with the more active /Miitrulx’nzenediazoie acid. 197 The same striking 
hindrance to the reactions has Ix’on observed 196 with the o-molhoxy, 
o-chloro, and o-nitro derivatives of dimethylaniline, all of which behave 
exactly like the o-methyl compound. Friedlaendcr 196 noted an abnor- 
mality in the physical properties of all these unreactive compounds. 
While in the mda and para series there is a steady increase in boiling 
point on passing from the toluidine to the mono- and dimethyl deriva- 
tives, in the oriho series the dimethyl compound boils at a lower tem- 
perature (183°) even than the toluidine (19S°). The monomethvl 
compound (207°) occupies a normal position and is normally reactive. 
The fact that ortho groups of different types exert a similar influence 
suggests that the effect is of a storic, rather than a chemical, nature (see 
p. 212). 

Karrer 193 reported experiments indicating that in the series of 
dialkylanilines large X-alkyl groups inhibit para nitrosation, ami that 
one of the alkyl groups may be eliminated in the course of diazo coupling. 
In subsequent work, however, Hiekinbottom and co-workers 199 suc- 
ceeded in obtaining p-nitroso derivatives of dibutyl- and diamylaniliins 
and in effecting normal couplings of diazotized sulfanilic acid with the 
amines studied by Karrer, and with others having still larger alkyl 
groups. It nevertheless appears that para substitutions are repressed 
to some extent by large X -alky I groups as well as by oilier substituents. 
Goldschmidt 136 found that the velocity constant for the coupling of 
diethylanilino is only one-sixth that for dimethylaniline. As a possible 
explanation of both types of hindrance, Karrer suggested that coupling 
may involve the* formation and rapid rearrangement of the intermediate 
ammonium salt XXIV. 



i 

X--N Ar 


Some analog)' is afforded by the work of von Braun/' 10 who observed a 

J97 BarnWgf*!-, far., 28, S4:j f IS ; IlfiiiitsTKcr and MdinlM-rie, far 28, IS'* 1 ( tsOA' - 
m KarnT, far., 48, KHW MOlii;. 

199 tidily and IliekinUttorri, J. Chnn.Snr., 113, 99 091* j ; Hirkihtx’Mom awl I.amU'rl, 
ibid., i:ts3 am. 

v. Braun, Ii?r., 49, 1101 (1910;; v. Braun, Arkunjicwski, awl Kohler, itrr., 61, 
0918 ;. 
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parallelism in the ease of alkylation of o-substitutcd dimethylanilincs and 
in the ease of p-subslitulions of the compounds. Whatever plausibility 
this mechanistic picture may have as applied to amine coupling, it seems 
hardly admissible as an interpretation of the coupling of a phenol or 
phenol ether, for an oxonium salt can have little reality in an alkaline 
medium. 

Another possibility is that coupling proceeds by some form of addition 
to the unsaturated system of the aromatic nucleus. The formation of 
ketonic products in the Krimer-Tiemann reaction, in the coupling of an 
alkylanthranol, and in the brotninution and nitration of 1-substituted 
0-naphthols points in this direction. Of further significance is K. H. 
Meter’s an discovery that in certain cases coupling can be accomplished 
with compounds having no hydroxyl or amino groups. In the aliphatic 
series, azo compounds were? obtained from butadiene, isoprene, pipery- 
lcne, and, particularly readily, from 2,3-diincthylhutadieue. 

cii2= ( , (C*n s )( , ((:ii a )=-nr 2 + ii()x=xc 0 ii 1 xo 2 (>) -> 

ni^ r • t r ir 3 )( \( *n a )=( • n — x--xc 6 h 4 xo 2 Q;) + ii 2 o 

With an active’ diazo component having one or two nitro groups, coupling 
occurs readily in glacial acetic acid solution or in alcohol. Since the 
formation of the azo compound is recognizable from the appearance of a 
characteristic color, the reaction has been found useful as a test method 
for establishing the presence of a conjugated system of linkages in open- 
chain and alieyelic compounds.* 13 

Moyer and Tochtennann L ' m found that the extremely reactive diazo- 
nium salt from picramidc couples rapidly with me<itylene to give in good 
yield the azo compound X\Y. L. I. Smith and Padeu - 04 later observed 



XO> IhV 


xxv 

that pentumethylbrnzenr (XXVI) and isodurone (XX \ ll) yield trini- 
trobcnzcneazo compounds, but that the reaction fails in the ease of 

?,M Mi*yi*r, lit r„ 52, 14 OS (1919'; Mt'yrr and Tnrhtormann. Her., 51, 22S3 (1921'). 

‘ n2 Tiwiiticv :iml m- workers, ( 'iHh/i/. r, tol. tu'tiil. so. ( .H.S.S., 4. 207 (19351 ; Sci. lit pts. 
Moscow St, lie I'nir., 6, 257 (19301 ; J. (,Vn. (Vichi. {C.S.S.R.}, 7, 2020 (1937 1 ; 8, (302 (1U3S); 
ArlniHov and Rsifikov, ihitt., 7, 2195 (19373. 

‘ (IJ 1’iiM'r and (’ampin'll, Am. i'hcni. Soc 60, 159 (193Si. 

2t,< Smith and Pmlcn, ihul, 56, 2109 (1931). 
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durene (XXYIII). In each of the three compounds which couple, a 
position in the ring is activated by the directive influence of two ortho 
groups and one para group, while durene lacks the feature of para direc- 
tion. Still more striking is the observation referred to in an earlier section 



(p. 174) that 3,4-lxw.pyrene couples readily with the only moderately 
active diazonium salt from p-nitroaniline. 

These observations are important in showing that oxygen or nitrogen 
atoms are not indispensable to the process of coupling, and hence that an 
intermediate attachment of the diazo component to a hydroxyl or amino 
group can hardly represent an essential phase of the ordinary coupling 
reactions. The fact that certain hydrocarbons are capable of forming 
azo compounds was considered by Meyer to support the addition-elimi- 
nation mechanism, anil in his view hydroxyl or amino groups when 
present merely activate the ring for addition. The addilion mechanism 
becomes still more attractive if it is extended to include some participa- 
tion of th( i key atom of the amines and phenols, as suggested by the 
blocking effect of groups i:i the ortho position or attached to nitrogen. 
Such a participation is not unreasonable, because the nitrogen or oxygen 
atom concerned is unsaturated, having respectively one and two pairs of 
unshared electrons, and consequently it is in a sense conjugated with the 
unsaturated system of tin* nucleus, von Auwers 1J ’’ called attention to 
this feat u re of the structures and suggested that (he systems C=C— O::::: 
and (*—(,' — C=C — O:::::, in which the dotted lines represent latent 
valences, are comparable with (.’=(!— ('—C and (*=0 — ('=(’ — 
Indeed, similar exaltations of the specific refraction and dispersion have 
been found for the two types of systems.-'" 5 The great reactivity of the 
phenols, enols, and amines may be due to this typo of conjugation, ami 
the entire conjugated system extending to the unsaturated oxygen or 
nitrogen atom may well be involved in some way in the coupling reaction. 
It is improbable, however, that the reaction proceeds by an addition in 
the ordinary sense to give an intermediate of a true dihydrobenzenoid 
type, as in the formal representation postulated by Meyer. A substan- 
tial argument, against, such an addition is the observation that ^,1-1 >« nz- 
pyrene enters readily into the coupling reaction but appears inaccessible 
2, ' s v. Auworri, lit r., 44, 3514 (Mil;. 
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to additions. Although the formation of azo compounds from amines 
and phenols presents certain interesting peculiarities, the reaction does 
not appear to differ in kind from other aromatic substitutions. 

The nitrosation, bromination, aldehyde condensation, and C-alkyla- 
tion of amines and phenols probably fall into the same category as the 
coupling reaction. Some further substitutions are known to be the 
result of intramolecular rearrangement, and there may be still other 
routes leading to the introduction of substituents. An addition of the 
aromatic nucleus to an unsaturated linkage of the reagent conceivably 
may occur in certain cases, for example in the Kolbe synthesis of hydroxy 
acids. The observation 808 that the salicylic acid synthesis can be 




(o) 


accomplished by heating sodium phenyl carbonate (XXIX) suggests 
that the reaction between sodium phenolate and carbon dioxide may 
involve the formation and rearrangement of this salt (o). It has been 
reported, 207 however, that- sodium phenyl carbonate dissociates into its 
components at a temperature below that at which the reaction takes 
place, and, furthermore, known rearrangements of the type pictured do 
not occur under comparable conditions but require acid catalysis. An 
alternative proposal 207 is that the phenolate nucleus adds to a double 
bond of carbon dioxide, with readjustment of the charge to the more 
acidic group (6). Such a mechanism might account for the unusual 
orientations sometimes observed in the Kolbe reaction. 0-Naphthol, 
heated in the form of the sodium salt with carbon dioxide under pressure, 
yields the unstable 1-carboxvlie acid at 120-145°, but gives the more 
stable 3-carboxylic acid in the temperature range 200-250°. Substitu- 
tion at the 3-position seems odd in view of the fact that this position is 
not available for ordinary reactions requiring an onolic group, even when 
the 1 -position is blocked. A possible explanation is that the 3-acid, 



Krhinitl, prtikt. Cht m., [C| 31, 307 (1SS5) 
287 Tijnwtra Hz., Her., 38, 1375 (1005). 
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which alone is capable of accumulating under the conditions of the 
experiment, is produced from a small amount of a tautomeric A 2 - 3 form 
of d-naphthol present in equilibrium with the normal A 1 * 2 form. 2 ™ This 
implies, however, that the substitution occurs by a rearrangement, and 
the failure of 1 -substituted /3-naphthyl allyl ethers to rearrange at the 
boiling point renders the explanation unlikely. The addilion mechanism 
(0) provides a somewhat more plausible account of the reaction, for the 
Cyhydrogen atom adjacent to the 2-hydroxyl group probably acquires 
some activation, even though this must be transmitted through a con- 
jugated system of three double bonds, rather than through a double 
bond at the 2,3-position. 

The same mode of addition has been discussed ,44 - m as a possible 
mechanism of the coupling reaction, and a more inviting application 
would be to the condensation of phenols and amines with carbonyl com- 
pounds such as Michler's ketone or formaldehyde. It might be sup- 
posed that the aromatic component adds, through its mobile ortho or 
para hydrogen atom, to the carbonyl group: 

HOCsIU'H + 0^=C< -> HOCelUC(OH)< 

Here the addition product would represent the final stage in the reaction, 
whereas a similar addition to benzenediazoie acid would require tin* 
subsequent loss of water. However attractive the hypothesis may 
appear because of its simplicity, it does not explain the observation that 
the p-eondensal ion with aldehydes, as well as the p-eoupling, is subject 
to hindrance by an ortho substituent. The reactions with aldehydes 
and ketones, which proceed best under catalysis by acids or non- 
mctallic halides, probably follow rather the course of other sub- 
stitutions. 

The Directive Influence of Substituent Groups. The problem of 
accounting for the influence of groups present in the benzene ring on I he 
course of further substitutions has called forth such an enormous amount 
of experimentation and speculation that a brief review of tin 1 subject 
must be limited to a presentation of the main facts of the case and to a 
consideration of the more promising interpretations which have been 
suggested. The principal substituent groups concerned in controlling 
aromatic substitutions are listed in Table II, and the percenlages of meto 
substitution, determined chiefly in carefully studied nitrations, provide 
an index of the main reaction type. Characteristically met a directing 
and ortho-pnra directing groups are listed in the first two columns, and 
the third column includes an assortment, of subst ituents derived from I he 

K. Berlin unn ami Berlin, ./. Ory. ('hm., 3, Zlli fUMSj. 
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methyl group. References to the literature may be found in the compila- 
tions of Holloman , 209 of Ingdld , 210 and of Reese . 211 


TABLE II 

Directing Effects of Substituent Groups * 


1 

Mela Typo ; 

i 

Ortho-Para Type 

Miscellaneous 

Group 

( . t 

Meta 

Group 

c* 

Meta 

Group 

V 

Meta 

-NOo 

93 

— xir 2 

- 

-CH*C1 

4 

- CX 

so 

: -xhcocig 

2 

— CHC1-* 

34 

-SO*H 

72 

1 - X(COCHj)* 

1 

— CC1 3 

04 

- C1IO 

79 

1 OTI 

3 

— C(C() 2 Et) 3 

57 

-COCHs 

55 

- och 3 

— 

— CFIoF 

17 

-COoII 

S2 

-CH* 

4 

— CH 2 Br 

7 

— CO-jCFIa 

73 

-Cl, Br, I j 


- -CH 2 XO 2 

50 

-CO-AHnfM) 

00 

-CuHft 

— 

— CH 2 CH 2 XO 2 

13 

-COCI 

90 

— CH 0 CO 2 H 

— 

-CH 2 XH 3 + 

49 

-COXII 2 

09 

— CHsCX 

— 

— CH 2 X(CH a V 

88 

—XIV 

47 

— CH CHCOoH(R) 

— 

-(CH 2 ),X(CH 3 ) 3 + 

19 

— X(OH 3 ) 3 4 

100 

— C-CC , () 2 H(R) 

S 

— (CHal s X(CH 3 V 

5 

-As(CH 3 ) 3 + 

98 

j — CH --CIIXOo 

1 

I — CHoP(CH 3 ) 3 + 

10 

-S!>(CH 3 ) 3 + 

SO 

| — X— XC'oHj, 


i — CH 2 As(CH 3 ) 3 + 

3 


* Chiefly in nitration* — itnliraten that no m*to substitution is known to occur. Where an ionic 
group is indicated, the mibstancc nitrated was the suliatc, nitrate, or picratc. 


Groups of the* predominantly meta directing type for the most part 
contain either a strongly unsaturated group or a positively charged atom 
adjacent to the ring, while the ortho-para directing groups are saturated, 
or only weakly unsaturated. The introduction of an ethylenic linkage 
is not sufficient to alter the orienting character of an alkyl group, and 
the unsaturation of a phenyl group is not strong enough to promote meta 
direction. The ortho-para directing methyl group is gradually trans- 
formed into a group of the opposite type by the progressive introduction 
of halogen atoms; the introduction of a single carboxyl group produces 
no great change, but with three carboxyls the resulting group becomes 
predominantly meta directing. Since the nitro group is more powerful 
in its influence, the group — (TDNO? directs largely to the meta position. 
Although a number of groups give rise to almost, exclusive ortho-para 

11,9 Holloman, "Dio direkte Einftthmiw von Substitticntcn in den Benzolkem," Veit 
& Comp,, I.idpzijc (l ;) 10) ; ('him. litv ., 1, 1S9 (19241. 

210 IiiKoId, ,1««. lirpts. C %-m. Sue. {London), 23, 129- 143 (1920) ; see also later volumes. 

111 Uecsp, Chen,. Her., 14, 55 (1934). 
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substitution, marked differences in the relative effectiveness is noted on 
pitting one group against another in the same molecule, most conven- 
iently in the para position. In a competition between the powerful amino 
group and the weakly orienting methyl radical, for example, the former 
group controls the substitution. Similar experiments 212 have established 
the following order of decreasing orienting power: NH 2 > OH > OCH 3 
> NHAc > OAc. Relative directive potencies of alkoxyl groups, deter- 
mined in nitrations of hydroquinone derivatives, are reported 213 as fol- 
lows: CII 3 0(1), C 2 H 5 b(1.64), n-C 3 H 7 O(1.80), i$o-C 3 H 7 0(2.29), n- 
C 4 H 9 0(1.$6), frrt,-C 4 HgO(3,2S), «-Ci6H 33 0(2.12). Among the rather 
weakly directing halogen atoms, the order is I > Br > Cl > F. 

It is of considerable significance that ortho-para directing groups, 
with one exception, facilitate substitution in the ring, while groups of 
the meta type have a retarding influence. Groups of the two types may 
be said to activate the nucleus for substitution, and to deactivate it, 
respectively. Toluene, for example, is nitrated fourteen times as fast as 
benzene ; 214 the monoalkylation of tanzene in the Friedcl and Crafts 
reaction cannot be accomplished without considerable polysubstilution. 
The progressive introduction of nil ro groups, on the other hand, is accom- 
plished with such increasing difficulty that, the reaction is easily stopped 
at any desired stage. The course of the reactions of monosubstiUitod 
derivatives of bicyclie compounds such as biphenyl or naphthalene 
provides a further illustration of the point, for substitution is homo- 
nuclear if the group already present is of the ortho-para type, and hetero- 
nuclear if it is meta directing. The one exception to the rule cited is 
that halogen atoms direct to the ortho and para positions and yet defi- 
nitely deactivate the ring and retard substitution . 214 Since the course 
of a given substitution is dependent upon the relative velocities of the 
competing reactions, it is often subject to stork* effects. The ratio of 
ortho and para isomeridos is particularly susceptible to the influence of 
the steric factor, as can be seen, for example, from the fact that, while 
the ratio of ortho to para substitution in the nitration of toluene is 08 : 38, 
ferf.-butylbonzene is converted almost exclusively into the p-isomer. 

Many attempts have been made to formulate a simple rule defining 
the orientation of the various groups in tin? hope that this might suggest 
a clue to the nature of their action. Discussions of the earlier proposals 
may be found in the reviews by Holleman 209 and by Stewart . 215 More 
recently, rules of substitution have been advanced based upon the ful- 

I-urli.s MunaUK 38, WA 

213 Ciclrfeworthy, •/■ Chmt. Sue., 1148 riOSfi). 

214 Wi fount, U f T,- (mi;, r.hirii 34, 241 n015). 

2ts Stewart, “Recent Advance* in Organic Chemistry,” 5th ed., Longmans, Green find 

Co., London (\U27), Vol. T, j>p. .‘J22 
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Lowing data: the periodic table, 216 polarities estimated from electronic 
configurations, 217 electric moments, 21 * dissociation constants, 219 qualita- 
tive analogy with inorganic metat hctieal reactions. 220 A correlation with 
the effect of nuclear substituents on the rates and equilibria of reactions 
involving a group in the side chain is indicated in the interesting calcula- 
tions of Hammett, 221 and it has been shown 222 that groups which lower 
the potential of a parent quinone facilitate substitution in the benzene 
ring, whereas those which produce an increase in the potential retard 
benzene substitution (halogen atoms and meta directing groups). 

The Electronic Theory of Aromatic Substitution (by P. D. Bartlett). 
Throughout the present century attempts have been made to base an in- 
terpretation of aromatic substitution upon the undoubted electrical char- 
acter of chemical bonds. Early attempts in this direction by Fry 223 
and by Stieglitz 224 assumed a completely polar character for all the car- 
bon-carbon bonds in the benzene ring. A key atom, such as the nitrogen 
of nitrobenzene, was supposed to induce alternating polarities in the 
atoms of the rings, and these polarities would determine the orientation 
with which an attacking reagent could add to one of the double bonds 
of the ring. 'Flu* substitution process was regarded as an addition fol- 
lowed imnu'diately by an elimination. The polarity of the key atom 
could be predicted from its general chemical character. For example, the 
nitrogen of the nilro group was presumed to be positive with respect to 
the two oxygens; this made C-l of the ring negative, C-2 positive, C-3 
negative, and so on. 

This theory had the merit of self-consistency: the key atoms of the 
nitro, nitroso, carbonyl, sulfonate, nitrile, and even quaternary ammo- 
nium, groups were all seen to be positive and to lead to meta direction. 
The key atoms of the hydroxyl, alkoxyl, and amino groups and the 
halogen atoms were negative by the same process of reasoning. The the- 
ory failed, however, in several important respects. It predicted unequiv- 
ocally that groups like — CTENlE and — (.TEN(CH 3 ) 3 -r should be 
strongly ortho-para directing. The failure of this prediction shows that 
alternating polarities are non-existent in the side chain and so are not 
inherent in chemical bonds generally. The theory therefore postulated 
properties for the bonds in the benzene ring which were apparently witli- 

218 Hnmmick amt Illingworth. J. Chew. S<>c„ 235S 1 193(0. 

217 Latimer ami Porter, ,/. -1 /h. Chan. .See., 52, 200 (1930). 

218 .Svii liely amt Warner, ibid., 57, 055 (IMS'. 

31> McGowan, ( 'hew isiry & Industry, 007 (1030). 

220 Z worker, tier., 69, 903 (1930). 

221 Tliwnmett, J. Aw. Chan. Soc., 59, 90 (1937). 

222 Ficser amt Fieser, ibid., 57, 491 (1935). 

223 Fry, Z. physik. Cheat., 76, 3S5 (1911). 

124 Stieglitz, ./. A rn. Chan. 44, 1299 (1922)- 
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out parallel among aliphatic compounds. Also unexplained was the 
unique position of the halogens, which deactivate the ring while the other 
ortho-para directing substituents activate it. 

The dualistic approach of Flfirschcim and of Vorliinder was more 
flexible. They superposed the idea of a general, non-alternating elec- 
trical polarity upon the older idea of an independent, alternating 
“valence demand/' or “affinity capacity,” whose relationship to electro- 
static phenomena could not be traced.* The attempt to account for the 
apparent simultaneous production of alternating polarities around the 
benzene ring and a non -alternating effect has been the task of modern 
electronic theories. 

During the last twenty years this problem has been attacked through 
a theoretical approach contributed to largely by Lapworth, Robinson, 
and Ingold. t These theories were approached purely from the direction 
of organic evidence. They advanced gropingly and with a rapidly ex- 
panding special nomenclature. They have been more successful than 
their predecessors in that their basic ideas have been independently 
derived by quantum meehanies and confirmed by modern physical 
methods of investigating molecular structure. 

The most directly useful of these physical methods is the determina- 
tion of dipole moments, and it is this method which has established ihe 
fundamental nature of the alternating and non-alternating electrostatic 
effects of groups. This study has confirmed the belief that in a bond 
between unlike atoms the electrons are on an average nearer one atom 
than another. The measurement of these displacements lias taken the 
guesswork out of the assignment of eleetrical inductive effects to groups. | 
It is possible, in saturated compounds, to designate quantitatively the 
fractional part of an electronic charge which resides on each atom. It 
is found that all the common funetional groups in neutral saturated 
compounds tend to attract electrons at the expense of carbon. Such a 
group at the end of a saturated chain will cause a general deficiency of 
electrons throughout the chain, rapidly damped but with no alternation 
in charge. These “inductive" effects are responsible for many chemical 
phenomena, such as the influence of substituents upon the dissociation 
constants of acids, but inductive effects do not divide the substituent 

* For a review of these older t.}n*ories, nee Henridi, "Theories of Or^atiie Chemistry," 
translation of 4th edition hy Johnson and Halm, John W iley «t Sons, New York 
M*. 175 L'-iO. 

t For reviews see Itohinson, ‘‘Outline of an Fleet rorhernieal (Klertroniej Theory of the 
f ‘nurse of Or«anie liem-lions,” In.-tituti* of ( ’liemi.stry of (deal Britain and Ireland ( llKki) i 
Infold, (,'hcjn. lin:., 15, ‘JJ5 ( 1 0.'i-I i . 

$ For a review of the early eontrihntions of dipole moment, study to organir ehemislry. 
see Sidgwiek, ‘The Covalent Link in Chemistry," Cornell University Press (1‘JTti. 
Chapter 5. 
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groups into tho right classes to provide a complete explanation of aro- 
matic substitution. They arc often overshadowed by effects of reso- 
nance, which were discovered as follows. 

Kvory attempt to isolate isomers which differ only in the arrange- 
ment of bonds or electrons, while having identical positions of all the 
atoms, has resulted in failure. An important example is provided by the 
two o-xylene structures of Kekule (pp. 121, 135). This failure has often 
boon attributed to excessive stability of the one or the other form, or (as 
in the case of the o-xylenes) to very rapid interconversion between them. 
According to all recent, physical studies of molecular structure (Chapter 
25), such isomers cannot exist separately except in the rare event of 
their having different numbers of unpaired electrons. Instead, if a 
molecule can be represented in two or more electronic or bond structures, 
without moving any atoms, then the molecule will show characteristics 
of all such st rue til res, and no one of them can exist independently of the 
others. This is the principle of resonance. If a molecule may have two 
exactly equivalent bond structures, then the molecule resembles one of 
these structures as much as the other, but is more stable than either alone 
would be by a large ‘‘resonance energy.” The typical example of this is 
benzene, whose two Kekule bond structures have identical energies. If 
benzene is a resonance hybrid, and not a mixture of tautomers, two 
physical methods should give evidence of this. In the first place, since 
single and double bonds between carbon atoms have the characteristic 
lengths 1.54 and 1.34 A, respectively, x-ray 12 and electron diffraction 225 
studies of benzene should show such distances for Kekul<5 molecules. 
It is certain that there are no C — 4/ distances in benzene as great or as 
small as these limits. The electron diffraction pattern of benzene is 
indistinguishable from that of a regular hexagon 1.39 ± 0.02 A on a side, 
although the method is not sensitive enough to deject deviations from 
regularity of the order of a few hundredths of an Angstrom unit. The 
vibrations of benzene as revealed in its infra-red, Kaman, and fluores- 
cence spectra are considered to be compatible on\y with complete hex- 
agonal symmet ry. 226 

The chemical reactions of a resonance hybrid, unlike its physical 
properties, do not register the permanent state of the molecule, but only 
those states which an* developed on the approach of a reagent, tor 
example, if ozone enters into reaction with one of the bonds of o-xylene, 
resonance between Kekule forms becomes impossible from that moment, 
and in the process of reaction two other double bonds are frozen in the 
corresponding cyelohexatrirno positions. Since ozone may be expected 

224 Schnmukcr nml Pauling, .4 in. Chnn. *S or., 61 , 1770 (1039). 

224 Itigold, Proc. Half. Xoc., A169, 1 10 (103$). 
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to attack that bond of o-xylrne which already most resembles a double 
bond, the formation of both diacetyl and melhylglyoxal may be taken to 
indicate that both Kokule forms contribute importantly to the structure, 
although these forms have separate existence only during the course of 
being destroyed. It is found most useful to describe the course of aro- 
matic reactions largely in terms of individual Kekule bond structures, 
but such a structure is best regarded as something developed during the 
attack of the reagent. 

Often two or more bond structures can be written, both of them sat- 
isfying the criterion of electronic octets, but differing largely in their 
chemical probability. An example of this is found in chlorobenzene 
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Here the principle of resonance still demands that the first structure shall 
not be independent of the second, third, and fourth, hut it does no! 1 i ll 
how important the contribution of the secondary structures will be. Tlie 
higher their potential energy in comparison to the normal structure 4 (the 
less their probability), the smaller their contribution to tin* true structure 
of the molecule will lx* and the less the resonance energy. Both these 
quantities may approach zero if the secondary structures are sufficiently 
improbable, without permitting a sharp dividing line between resonating 
and non-resonating systems. There are also many cases, such as that of 
naphthalene (p. 148) or urea, in which most of the chemical reactions arc 
those normal for a single-bond structure, but where methods of studying 
the resting slate of the molecule 1 indicate, substantial (though subordi- 
nate) contributions from secondary forms. 

For purposes of discussion it is preferable to translate the electronic 
structures I-IY into bond structures 
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The question whether these secondary forms contribute appreciably to 
the structure of chlorobenzene must be answered by experiment. Among 
the physical evidence pointing to a dctectiblc amount of resonance is 
the fact that aromatic halogen compounds (in common with vinyl 
halides) have markedly diminished electric moments compared to satu- 
rated halogen compounds; 227 they also show a shortening of the C— Cl 
bond 228 suggestive of double-bond character. On the organic side, such 
resonance provides interpretation of the diminished reactivity of halogen 
attached to the aromatic ring and of the directive influence of halogens 
in addition reactions to vinyl halides and in aromatic substitution. 

Phenols, phenol ethers, and amines are the other common aromatic 
compounds which are capable of this type of resonance by virtue of hav- 
ing unshared electrons on the first atom of the substituent. The evidence 
of sharply altered dipole moments in comparison to aliphatic analogs is 
hen; even more striking than in chlorobenzene. In addition an interpre- 
tation is afforded of the acidity of phenols (and enols), the weakness of 
aromatic amines as bases (compare p. 212), and the directive power and 
extreme activating influence of the hydroxyl and amino groups. 

A phenol and its anion are both capable of resonance with structures 
having negative charges in the ortho and para positions 

OII+ 

e 

o 


0 

Tn the phenol these secondary structures involve a separation of electric 
charge, which might be expected to oppose their occurrence, as in 
chlorobenzene. In the anion, however, this separation of charge is 
absent, and the secondary forms must therefore contribute more and 
make the resonance energy higher in comparison to the neutral phenol. 
This is a factor favoring the ionization equilibrium which is lacking in 
the acidic ionization of an alcohol.* 

ni Sutton, ihid., A133, 00S (1931) ; Trans. Fa rati a it Sac., 30, 789 (1934). 

“ 8 Brook way awl I'ahner, ./. Am. Chan. Soc.. 59, J1S1 (1937). 

* The resemblance of these bond structures to those of kcto-enol tautomers led t.o the 
original designation "tautomeric effect" by Robinson, who postulated such intramolecular 
tendencies long before the principle of resonance was enunciated. This term was not, 
intended to imply a true tautomcrism, 
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A similar analysis applied to the ionization of the dimethylanilinium 
ion shows that resonance makes it a stronger acid, and dimethylaniline 
itself therefore a weaker base, than in the case of a similar saturated 
amine. 

With regard to the case and orientation of aromatic substitution the 
Robinson-Ingold theory adopts the postulate, common to earlier theo- 
ries, that the reagents which bring about, substitution function as elec- 
tron acceptors, and hence react preferentially at the points of high 
electron density in the nucleus. With a few reagents, such as mercuric 
acetate and the benzenediazonium ion (see p. 192), this electron-seeking 
character is obvious. It is not obvious in the case of molecular halogens 
that a halogen atom will enter the ring bearing a positive charge, and 
yet there is experimental evidence that the addition of halogen to an 
aliphatic double bond takes this course, 229 It is assumed that the other 
common reagents yield substitution by paths similar to these. The 
bromination of dimethylaniline is represented 



Hr Hr 


Pfeiffer and Wizinger 161 have developed aliphatic analogies to this 
process. The choice of the para (or ortho) position is conditioned by two 
facts: (1) that it is already a center of excess negative charge, due to 
the resonance in the amine molecule; and (2) that an easy reaction 
path is available because (he quinol-like transition state* V (also capable 
of resonance* with three other bond structures) is able to accommodate 
the positive charge long enough for a carbon-bromine bond to be* formed 
and the carbon-hydrogen bond to be broken. The possibility of a cer- 
tain amount of stabilizing resonance in the transition state as depicted 

223 Bartlett and Tarbell, ibid., 58, 4fift (l!)30j ; Tarbell ami Burtlelt, 59, 407 (1937) 
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also helps to explain why aromatic substitution proceeds by this path 
rather than by way of completed addition to one of the double bonds 
of the ring. The latter mechanism would eliminate so much stabilizing 
resonance as to constitute a very difficult path of reaction. 

In the halobenzenes a transition state of a form like V offers a better 
reaction path than one involving attack of the bromine in one of the 
meta positions. Nevertheless, in the resting state of the molecule the 
normal form of chlorobenzene is so much more important than the 
secondary forms that the chlorine is still the strongly negative end of a 
dipole and all positions of the ring are deficient in electrons compared 
to benzene. This is the explanation given of the simultaneous deactiva- 
tion and ortho-para directive influence of the halogen atoms. 

Any group whose net effect is to make electrons permanently less 
available at the ortho and para positions must be not only deactivating, 
but also meta directing. This is true of the trimethylanilinium ion, the 
nitro, sulfonyl, nitrile, and carbonyl groups. Any drift of electrons 
toward Ci brought about by an inductive effect will be at the expense of 
carbon atoms 2, 4, and 0, leaving atoms 3 and 5 relatively less affected. 
The situation is especially clear when resonance is possible, as in the nitro 
group 



© 


If these secondary structures are of any importance in the molecule 
then only the meta positions will have enough electron density to make a 
reaction with the usual reagents possible. The ortho and para positions 
should prove inviting points of attack for clcctron-donor reagents, and 
reaction is indeed observed at these positions in the formation of o-nitro- 
phenol from potassium hydroxide and air, 230 the reaction of trinitroben- 
zene with hyriroxylamine to give pieramide, 231 and similar reactions. 

In certain substitution processes apparently proceeding through free 
radicals 232 the usual orientation rules are not applicable. The electronic 
theory of substitution has given little attention to this wise. 

A stereochemical consequence of resonance, first pointed out by 

230 Wohl, Bct., 32, 34S7 (1S!W). 

231 Mcisenheimer and Pataig, Bcr., 39, 2534 ( 1906) . 

232 Hey and Waters, Chan. Rev., 21, 17R (1937). 
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Birtles and Hampson, 233 has helped to explain a puzzling case of stcric 
hindrance commented upon earlier in this chapter. Since resonance is 
possible only between structures having the atoms in the same positions, 
it follows that the spatial arrangement of the atoms in nitrobenzene must 
be compatible with all the resonating bond structures. This means that 
all the atoms attached to double-bonded atoms must lie in the same 
plane, or the resonance will be damped. Similar considerations apply to 
dimethylaniline. 



e 
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Although the form VI might have free rotation about the C — X bond, the 
forms VII, VIII, and IX must be coplanar, and therefore the molecule 
will remain coplanar at all times if these make any important contribu- 
tion to its structure. If now a nitro or a methyl group is present in the 
ortho position, this coplanar arrangement Incomes untenable on account 
of the stcric interference of the groups. Anything which forces the 
dimethylamino group out of the* plane of the ring damps the resonance 
and the effects resulting from the resonance may be expected to dis- 
appear. These include: (1) the special electric moment associated with 
aromatic amines, (2) the activation of the ortho and para positions toward 
substitution, and (3) the activation of the ortho and para hydrogen in 
condensation and exchange reactions. Hampson and his co-workers 
have found striking dipole-moment effects of this sort. The anomalous 
boiling points of the hindered methylanilines m may well be related to 
such reduced polarities. The remarkable inhibit inn of the diazo coupling 
reaction when a methyl group is ortho to a dimethylamino (but nut to a 
monomethylaminoj group is discussed on p. 197. An inhibited deuterium 
exchange in deutero-alcohol has been found for similar ruses by Brown, 
Kharasch, and co-workers.- 34 It is noteworthy in all these results that 
the damping of resonance is not. absolute, even when conditions are im- 
posed upon the molecule which are slerically very unfavorable to some of 
the bond structures. 

133 Birtles and Hampson, J, ('hem. Hoc., 10 (1037) ; Ingham amt Hampson, ibid., OS l 
(1939). 

134 Brown, Kharasrh, amt Sprowls, J. Org. Chcm., 4, 442 (1030); see also Brown, 
WifJijfftr, and Letang, ,/. Am. ('him. Hoc.., 61, 2507 (1930). 
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In the light of damped resonance it is not to be expected that cyclo- 
octatetracne (p. 129) will show the stability of an aromatic compound. 
In order to exist without strain the molecule must take a puckered form 
in which carbon atoms 1, 4, 5, and 8 lie in an upper plane and carbon atoms 
2, 3, 6, and 7 occupy a lower plane. This preserves all bond angles at 
their normal value and brings atoms 1, 2, 3, and 4 all into one plane } 
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atoms 3, 4, 5, and 6 all into another plane, etc. Any such spatial arrange- 
ment is incompatible with the alternative placing of the double bonds, for 
atoms 2, 3, 4, and 5 are not in a single plane, nor is any other sequence of 
four atoms in a position favorable to the second Kekule structure. 
Resonance must then be damped severely unless the molecule adopts a 
coplanar arrangement, and this would involve angular strain. 
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PART I. INTRODUCTION 

The term “isomers” is generally applied to those compounds which 
have the same molecular formula, but which differ in at least one of their 
physical or chemical properties. In terms of the structure of the mole- 
cule, this means that isomers differ in the arrangement of the atoms in 
the molecule. In fact, it has been the existence of many' types of isomer- 
ism, especially of carbon compounds, which has been the chief reason 
for the extensive developments in attempts to represent the spatial 
arrangements of the atoms. The fundamental purpose of such structural 
models of molecules is to express as completely as possible the chemical 
and relative physical properties of the compound. For completeness, 
and to show all the types of isomerism exhibited by organic compounds, 
the following classification summarizes the present status of this division 
of theoretical organic chemistry. 

(1) Simple Structural Isomerism. The difference between the 
isomers in this group can be adequately expressed by simple 
structural formulas. 

(a) Nucleus or Chain Isomers: compounds whose isomerism 
is due to the arrangement of the carbon atoms. 


Examples: 


ch 3 ch 2 ch 2 ch 3 


ch 3 


t-Butanc 


CHaCHCHs 

[Jpubutane 
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(b) Position Isomers: compounds which differ in the position 
occupied by a group with reference to the carbon nucleus. 


Examples: 

Cl 

I 

CH3CHCH3 

2-ChIoropropane 


CHjCHzCHoCl 

1-Chloropropane 



o-Bromonitro- 

benzene 


no 2 no 2 



Br 

m-Bromonitro- p-Kromonitro- 

benzene benzene 


(c) Functional Group Isomerism: compounds possessing the 
same molecular formulas but having different functional 
groups; i.c., belonging to different homologous series. 


Examples: 

CH3CH2OH 

Ethyl alcohol 

ch 3 coch 3 

Acetone 


CHsOCHa 

Methyl ether 

CH 3 CH 2 CHO 

Propionaldehyde 


Tautomers constitute a special case of functional group 
isomerism. They are isomers which are directly and 
readily interconvertible. 

Example: 

0 OH 

11 1 

CH 3 CCH 2 CO.C 2 H* <=± ch,c=chco : c 2 h 6 

ivto-Form eruil-YoxTn 

Acetoacelic ester 


(2) Stereoisomerism or Space Isomerism . Isomers possessing the 
same molecular formulas and the same functional groups but 
which differ in the three-dimensional space arrangement of the 
atoms or groups within the molecule are said to be stereoisomers. 

The discussion in the following sections will be limited to a con- 
sideration of the fundamental concepts of the two common types of 
stereoisomerism which are: 


(a) Optical isomerism. 

(b) cis-trans Isomerism (geometrical isomerism). 



220 


ORGANIC CHEMISTRY 


PART H. OPTICAL ISOMERISM. GENERAL THEORY 

Ralph L. Shrineu and Roger Adams 
Optical Activity 

Experimentally it has been observed that only certain substances, 
both organic and inorganic, possess the power of rotating the plane of 
polarized light (p. 282). Examination of the nature of these optically 
active compounds has shown that only those structures (crystalline or 
molecular) which possess mirror images not superimposable upon the 
original are able to affect plane-polarized light. Such compounds are 
generally termed asymmetric because their structure is without com- 
plete symmetry from a geometrical standpoint. This requirement for 
optical activity will become clearer as the discussion progresses. 
Optically active substances may be divided into two classes depending 
upon whether activity is due to crystal structure or to molecular 
structure. 

Optical Activity Due to Crystal Structure. A familiar example of this 
type is quartz, which is found to exist as dextro and levo rotatory crystals, 
commonly known as d~ and /-forms. X-ray examination of those quartz 
crystals has shown that the crystal lattice is built up of silicon and 
oxygen atoms so arranged that a spiral staircase effect is obtained. The 
mirror image of this crystal lattice is not identical with it, and hence the 
crystal is asymmetric and rotates plane-polarized light. 

Optically active crystals, such as quartz or sodium chlorate, are often 
hemihedral, and the crystals themselves are mirror images of each other. 
This relationship is not always true, since many optically active crystals 
show no trace of hemihedral faces. Optical activity has been observed 
in isotropic, uniaxial, and biaxial crystals. Table I lists some of the 
compounds which are optically active in the crystalline state o?ily. 


Isotropic Crystals 
Sodium chlorate 
Sodium bromate 
Sodium uranyl acetate 
Sodium sulfantimonate 


TABLE I 

Uniaxial Crystals 
Quartz 
Cinnabar 

Potassium dithionate 
Benzil 


Biaxial Crystals 
Hydrazine sulfate 
Barium formate 
Iodic acid 
Zinc sulfate 


Crystals of many other compounds also exhibit optical activity, but 
all substances in this group lose their activity when fused or dissolved in 
a solvent. 
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Optical Activity Due to Molecular Structure. Optically active com- 
pounds in this group rotate the plane of polarized light, regardless of the 
physical state. Optical activity is exhibited by solutions of the com- 
pound, as well a s by the pure compound in the crystalline, liquid, or 
gaseous state. In a few compounds the crystals may possess hemihedral 
faces and be mirror images of each other, but this relationship between 
crystals is not universally true. The optical activity must hence be 
ascribed to, and be dependent upon, the structure of the molecule . 

Principles of Molecular Asymmetry 

Molecules with spatial arrangements of their atoms which are asym- 
metric may exist in optically active forms. As mentioned above, the 
configuration of such a molecule is characterized by the fact that it is not 
identical with its mirror image. The molecule and its mirror image are 
frequently called e?iantiomorphs and are identical with each other in 
their chemical and physical properties except in the rotation of plane- 
polarized light. The optical activity is the same in degree but opposite 
in sign. It is relatively simple to determine from the structural model 
of a molecule whether a non-identical mirror image is possible. 

The above statements are very general and cover all cases in which 
optical activity is due to the structure of the molecule. For purposes 
of discussion it is convenient to divide such asymmetric molecules into 
two groups. 

1. Compounds in which an individual atom is asymmetric. 

2. Molecules containing no individual asymmetric atoms. 

Their asymmetry is due to the absence of any of the necessary elements 
of symmetry which permit the mirror image of the molecule to be super- 
imposable. 

Many examples of both types are known. The largest number is 
found in the first group in which the asymmetric atom is carbon, but 
other atoms may also give rise to optical isomers. The three-dimensional 
space model is evidently dependent upon the directional distribution 
of the valence forces of these atoms. 

Spatial Arrangements of Valencies of Atoms 

The study of the physical and chemical properties of the stereoiso- 
mers of compounds of twenty-three elements has led to the conclusion 
that the distribution of valencies is tetrahedral, octahedral, or planar. 
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Group I. Tetrahedral Configuration. 



P, S, Cu, Z n, As, Se, Sn, 


Group II. Octahedral Configuration. 


Al, Cr, Fe, Co, Zn, As, Rh, Ru, Ir, Pt. 
(Cu, Ni?) 


Group III. Planar Configuration. 



Ni, Pt, Pd. 



Of all the elements investigated, carbon has been the most exhaustively 
studied. In 1874 Le Bel and van’t Hoff independently and simul- 
taneously proposed that the four valencies of carbon in its compounds 
were distributed in three dimensions, van’t Hoff regarded the valence 
bonds as equidistant from each other and so arranged that a regular 
tetrahedron resulted by joining the ends of the valence bonds by 
straight lines. Le Bel on the other hand did not consider that the 
carbon atom had such a rigid structure. The experimental evidence of 
the past sixty-eight years has fully confirmed their hypothesis although 
the idea of a perfectly tetrahedral model with the four valencies abso- 
lutely fixed in a rigid position, at angles of 109° 28' apart, has undergone 
some modification. 

Evidence for the Tetrahedral Carbon Atom 

1. The four valencies of carbon are identical. 

2. A consideration of all types of isomerism of carbon compounds 
on the basis of a planar, pyramidal, and tetrahedral configuration of 
the carbon atom has shown that only the tetrahedral is consistent with 
all the facts. Thus, a planar or pyramidal configuration calls for two 
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geometrical isomers of compounds of the type Ca 2 b 2 ; a pyramidal con- 
figuration calls for optical isomers of C a 2 bc; no such isomers are known. 
In the case of Cabcd only two optical isomers are known. 

3. Ethylenic compounds with the structure exhibit geo- 

V 

metrical isomerism but not optical isomerism (p. 446). Allenes with 

a \ / a 

the structure )C=C=C\ give rise to optical isomers and not geo- 
b / x 6 

metrical isomers. 


4. Spiranes of the type K XK >| are resolvable into d- and l- 

bX X6 

forms. If the carbon atom were planar or pyramidal no resolution 
would be possible. 

5. No cases of stereoisomerism due to the acetylenic linkage are 
known. 

R-CssC— R 


6. The chemistry of carbon rings, their formation, stability, strain- 
less rings, double and triple bonds in rings— all these are consistent only 
with the tetrahedral arrangement (p. 68). 

7. The measurements of dipole moments (p. 1752) have served to 
confirm the above chemical evidence from the physical side. Thus, in 
the series of simple halogenatcd methanes given below, the perfectly 
symmetrical molecules, methane and carbon tetrachloride, have moments 
of zero. 

CH 4 CH 3 C 1 ch 2 ci 2 ciicu ecu 

/i = 0 1.85XlO-« 1.6X10 18 n — 1,05 X 10 “1® n = 0 

The other three have an unequal distribution of mass and electrostatic 
charges about the central carbon atom and hence possess definite dipole 
moments. 

8. The structure of many complex cyclic, bicylic, and tricyclic 
compounds requires a tetrahedral carbon atom in constructing the 
models of such molecules. Planar or pyramidal carbon atoms would 
not permit the construction of such models without involving enormous 
strains. 

The evidence concerning tetrahedral, octahedral, and planar con- 
figurations of the other elements will be considered in Part IX. 
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PART m. OPTICAL ISOMERISM OF COMPOUNDS CONTAINING 
ASYMMETRIC CARBON ATOMS 

Molecules Containing One Asymmetric Carbon Atom 

General Concepts. Using the tetrahedral model of the carbon atom 
it is easily observed by means of the structural models that a compound 
containing a carbon atom attached to four different groups, Cabcd, pos- 
sesses a mirror image which cannot be superimposed on the original 
(Figs. 1, 2). Such a molecule is asymmetric, and hence a carbon atom 
of this type is called an asymmetric carbon atom. 

Mirror 



Fia. 1 Fig. 2 

One of the means used to decide whether or not a molecule is asym- 
metric is to determine the presence or absence of a plane of symmetry in 
the molecule. A plane of symmetry is one that will divide a molecule into 




halves , each of which is the mirror image of the other . It is clear by examin- 
ing the models of the compounds Ca 4 , C c 3 6, C a 2 bc, and Ca 2 b 2 (Figs. 
3, 4, 5, 6) that all of them possess a plane of symmetry ( PP ). 
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The mirror images of the models represented by Figs. 3, 4, 5, 6 are 
identical with the or : .gi rials, and no optical isomerism is possible. The 
experimental facts observed on compounds with structures correspond- 




ing to these type formulas confirm these theoretical predictions. The 
molecule represented by Fig. 1 possesses no plane of symmetry, and may 
exist in two optically active forms, a dextro and a levo form, represented 
by Figs. 1 and 2. If equal amounts of the two isomers, d- and 1-, are 
mixed together, the optical effect of each form is neutralized by the 
other and a product is obtained which is known as a racemic modification. 

Historically, lactic acid was one of the first- compounds examined. It 
was found to exist in: 

1. An inactive form — racemic lactic acid. 

2. A rfe.r£rorotafory form — sarco-lactic acid. 

3. A Jewrotatory form — fermentation-lactic acid. 

The models of lactic acid are represented in Figs. 7 and 8. 



Fig. 7 Fig. S 

d-Laelic acid M-actic add 

Inactive or racemic lactic acid (dl - Lactic acid) 


The biological processes in living muscle produce d-lactic acid (Fig. 
7), the action of certain microorganisms on lactose forms Mactic acid 
(Fig. 8), and the laboratory synthesis of lactic acid leads to an cqui- 
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molecular mixture of d- and Worms which constitutes the inactive 
modification known as racemic lactic acid (dMactic acid). The following 
reactions represent one possible synthesis. 



The starting molecule, propionic acid, cannot exist in optically active 
forms, since it has a plane of symmetry. In the brominalinn reaction 
either of the two a-hydrogen atoms may be replaced by bromine produc- 
ing d- and Wx-broinopropionic acids in equal amounts, since the two 
hydrogens arc similarly situated in the molecule. The probability of 
obtaining the d-forni is hence equal to the probability of obtaining the 
Worm, and therefore, racemic or dJ-ar-bromopropionic acid results. 
The reaction with silver hydroxide must produce di-lactic acid from the 
df-a-bromopropionic acid. 

Examination of the general formulas in Figs. 1 and 2 shows that if 
any two groups are interchanged in one model the resulting structure 
will be identical with the mirror image of the original. Thus, exchang- 
ing the positions occupied by a and b (or any other two groups, a and c, 
a and d, b and c, b and d, or c and d) in Fig. 1 gives a model identical with 
Fig. 2. Such an exchange was accomplished experimentally hy Emil 
Fischer, who thus demonstrated conclusively that the relationship be- 
tween optical isomers must be due to spatial factors and not to any 
structural factors. The reactions, Figs. 9-12, demonstrate the inter- 
change of the carboxyl and amide groups. 

Other experiments have also readily demonstrated that reactions 
which made two groups attached to the orginally asymmetric carbon 
atom identical resulted in optically inactive products. Thus, the hydroly- 
sis of any of the four compounds above leads to the isopropyl malonic 
acid (Fig. 13) which is inactive and cannot exist in optically active forms 
(c/. Fig. 5). 

For many years all the known optically active compounds of carbon 
contained two or more carbon atoms in the molecule. As a consequence, 
there arose the question whether factors, other than the presence of an 
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asymmetric carbon atom, were necessary for optical activity in a mole- 
cule. However, in 1914 Pope and Read established the fact that a 



single carbon was all that was necessary, provided that it was asym- 
metric. The resolut ion of chloroiodomethanesulfonic acid into its optical 
cnantiomorphs (Fig. 14) was accomplished. 



Fio. 14 


Properties of Enantiomorphs. Within the limits of experimental 
error all the physical properties of the d- and Worms of a compound are 
identical except the effect on plane-polarized light. In respect to their 
optical rotatory power, each isomer rotates the plane of polarized light 
exactly the same number of degrees but in opposite directions. No other 
distinctive differences between optical isomers which are mirror images 
of each other have ever been noted.* The crystal forms of enantio- 

* Claims have been made that differences between the rf- and Morins exist. (See 
Campbell, J. Am, Ch em. Hoc., 63, 1661 (1931).) The differences are within the experi- 
mental error of the observations and the degree of purity of the materials. 
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morphs may also be mirror images of each other, but this relationship 
of the crystals is unusual. 

Since optical isomers contain the same atoms and groups in the same 
relationship to each other (although in a different spatial order), their 
chemical reactions are identical. Jn a reaction with another optically 
active molecule, the d- and Z-fonns may react at different rates, but the 
type of reaction is identical. 

Studies on the physiological effects of optical isomers have shown 
that there may or may not be considerable differences between the d- 
and Z-forms. Whore one optically active isomer exhibits a specific dif- 
ference it seems probable that diaslereoisomers arc; produced by the 
reaction of the optically active agent with some optically active com- 
ponent of the living tissue. Such diastereoisomers have different prop- 
erties and hence would be expected to cause differing physiological 
action. 

The properties of racemic modifications will bo discussed later 
(p. 248). Generally the racemic forms differ in many respects from the 
optically active isomers. 

Principle of Free Rotation. Ethane exists in only one form. This 
means that the two carbon atoms in ethane (Fig. 15) and its derivatives 
must be able to rotate with reference to each other about the single bond 
joining the two together. For example, lack of free rotation in ethylene 



Fio. 15 Fig. 16 Fig. 17 Fig. 18 


bromide would indicate an indefinite number of isomers. Figures 16, 17, 
and 18 represent three such possibilities. Since the number of isomers 
agrees with the idea that the carbon atoms arc free to rotate, this 
principle has been accepted as holding true for all simple molecules and 
must be kept in mind in considering structural formulas or models. 

Certain types of molecules have been found in which atoms are joined 
by a single bond but are so substituted that the rotation is restricted 
or prevented. These molecules will be considered in Part VIII. 
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Compounds Containing Two Different Asymmetric Carbon Atoms 

A substituted ethane of the general formula C abc — C def contains two 
different asymmetric carbon atoms, and construction of the models 
shows that four optical isomers corresponding to Figs. 19, 20, 21, and 22 
should exist. 


e 



Fig. 19 


e 



b 

Fig. 20 


e 



Fig. 21 



Fig. 22 


Mirror-Image Relationship. Experiment fully justifies these models, 
and many cases are known in which all four optical isomers have been 
obtained. The relationship between the isomers is important. The 
molecule corresponding to Fig. 19 is the mirror image of that represented 
by Fig. 20. An equimolecular mixture of these two, therefore, con- 
stitutes a racemic modification. Similarly, the molecules represented 
by Figs. 21 and 22 would also constitute a racemic modification. 

The relationship between the molecules represented by Figs. 19 and 
21 is quite different. They are not identical and are not mirror images 
of each other. A careful examination of the two models shows that 
they differ in the spatial distribution of the groups. Thus, with the 
models in the position shown with group e above group b in both Figs. 
19 and 21, it is clear that d Is closer to a in Fig. 19 than in Fig. 21, and 
the same is true for groups / and c. For this reason, the molecules 
represented by Figs. 19 and 21 are called diastereoisomer s.* Similarly, 
Fig. 19 is also a diastereoisomer of Fig. 22; Fig. 20 is a diastereoisomer 
of Fig. 21 or 22. However, no such differences in the distances between 
the groups exist in the models constituting the pair of mirror images. 
Thus, it should be noted that in Fig. 19 the group a is exactly the same 
distance from the other five groups as the group a in Fig. 20. In 
enantiomorphs, therefore, the groups bear the same space relationship 

* The word diastereoisomer is derived from four Greek words: 8ta, through; errepeos, 
solid or space ; uros, equal ; and ptpos, part; isomers through space. The term diamer, a 
contraction of diastereoisomer, is also used, but this term resembles dimer so closely that 
it may lead to confusion. 
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to each other; the only difference is their arrangement. These diastereo- 
isomeric relationships and the above-mentioned enantiomorphic rela- 
tionships hold true, even though one carbon atom rotates with respect 
to the other.* The mirror-image relationship will exist at any point in 
the synchronous rotation of the mirror images. 

Diastereo isomers differ from each other in physical properties, 
such as optical rotation, melting point, and solubility. Their chemical 
reactions are of the same type, since they possess the same functional 
groups, but the rates of reaction are different. 

Notation. Various schemes of notation have been developed for 
representing these space models on paper. Figures 23, 24, 25, and 26 



Fio. 23 Fig. 24 Fig. 25 Fig. 26 


indicate one method for representing the space models shown in Figs. 
19-22. The asymmetric carbon atoms are understood to be present 
where the lines cross, f According to another scheme the top asym- 
metric carbon atom is represented by the capital letter A and the bottom 
one by B, and the configurations by plus, (+), and minus, ( — ), signs.J 
Figure 27 thus summarizes the number of isomers for a molecule with 
two different asymmetric carbon atoms. 

A + - + — 

B +_^- ^ + 
dl dl 
Fig. 27 

Formation of a Compound Containing Two Different Asymmetric 
Carbon Atoms from a Compound Containing Only One Asymmetric 
Carbon Atom. As a specific example of this transformation the bro- 
mination by the modified Hell-Volhard-Zelinsky method of dextro- j9- 
rnethyl valeric acid (Fig. 28) may be considered. The configurations of 
the two possible bromo acids are shown in Figs. 29 and 30. 

* The student should satisfy himself that these relationships and statements are true 
by actual construction of the models. 

t In using this system, it is important to visualize the positions of the groups relative 
to the plane of the paper. The groups eb are in the plane of the paper and the group' 
aedf are above the plane of the paper extending toward the observer. This is in accord 
with the Fischer convention. See Hudson, ,/. C 'hem. Ed., 18, 353 (1941). 

X Care must bo taken not to confuse the plus or minus signs with direction of n.tniiu:' 
The signs merely denote possible configurations. 
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The bromine may replace either of the two a-hydrogens in the dextro 
acid, resulting in the two optically active diastereoisomers represented 
by^Figs. 29 and 30 in which the top asymmetric carbon atoms A have 
different configurations, but B has the same configuration as in the 
starting material. The important point to be noted in such a reaction is 
that the two diastereoisomers (Figs. 29, 30) are produced in unequal 


A+| 

j 


C 0 2 H 


(PBr 3 ) 

-CH 3 H- 


co 2 n 


c 2 n t 
Fig. 29 


j£+ 


u z H 5 
dextro 

Fig. 28 


c 2 h* 
Fig. 30 


A- 

[Bi- 


amounts. This is due to the fact that in the optically active molecule 
(Fig. 28) the two hydrogen atoms bear different relationships to the 
groups about the asymmetric carbon atom B. Hence, they will react 
with the bromine at different rates, and at the end of any given time the 
two products (Figs. 29 and 30) will be present in unequal amounts. This 
production of disastereoisomers in unequal amounts is general for all 
such reactions. It is possible, of course, that equal amounts might 
result, but this would be purely fortuitous. Also, one reaction may pro- 
ceed so rapidly that only one product is actually isolated. 

In the same manner, the bromination of levo-p-mv , thy I valeric acid 
(Fig. 31) produces the two diastereoisomeric bromo acids (Figs. 32, 33) 
in unequal quantities blit in amounts inversely proportional to those 
obtained from the dextro isomer. 
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If the racemic modification of /3-methyl valeric acid (consisting of 50 
per cent dextro , Fig. 28, and 50 per cent lcvo f Fig. 31) is brominated, all 
four bromo acids will lx*, produced. Owing to the fact that the a-hydro- 
gen atoms in Figs. 28 and 31 have similar relationships, the molecules 
corresponding to Fig. 29 and Fig. 33 will be formed in equal amounts and 
constitute one racemic modification, and Figs. 30 and 32 constitute a 
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second racemic modification. The relative amounts of these racemic 
modifications will be different since their constituents bear a diastereo- 
isomeric relationship to each other, as pointed out above. These two 
racemic modifications will have different physical properties and may 
be separated from each other by crystallization. In this connection, 
it should be recalled that enantiomorphs possess the same physical 
properties and cannot be separated by a process such as fractional 
crystallization. 

These relationships are of fundamental importance, and must be 
thoroughly understood. Most asymmetric syntheses (p. 308) and the 
kinetic method of resolution (p. 260) ultimately rest upon the production 
of diastcrcoisomers in unequal amounts. The most important method 
of resolution of racemic modifications (p. 256) rests upon the differences 
in physical properties of diastereoisomers. 


Compounds Containing Two Similar Asymmetric Carbon Atoms 

The classical examples of molecules of this type arc the isomers of 
tartaric acid, shown in Figs. 34, 35, and 36, and summarized in Fig. 37. 


H- 

HO 


C0 2 H co 2 h co 2 h 


Oil 

no — 

— II no — 
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co 2 h co 2 h co 2 h 

dextro levo mesa 

Fig. 34 Fig. 35 Fig. 3G 

y : ' 

Racemic tartaric 


A 4* - + 

A 4^ - - 

dl meso 
Fig. 37 


d-Tartaric acid is composed of two identical dextrorotatory carbon 
atoms, and the entire molecule is dextro (Fig. 34). Its mirror image, 
J-tartaric acid, is made up of two identical Zewrotatory carbon atoms, 
as shown in Fig. 35. The equimoiecular mixture of the two constitutes 
the racemic modification. 

Racemic and meso-Tartaric Acids. The molecule represented by 
Fig. 36 constitutes a new isomer. It is composed of one dextrorotatory 
carbon atom, and an exactly similar tevorotatory carbon atom. Since 
the two asymmetric carbon atoms arc exactly alike, but rotate the 
plane of polarized light the same number of degrees in opposite direc- 
tions, the net rotation will be zero, and the molecule is optically inactive. 
This conclusion is confirmed by examination of the model, since it is 
clear that a plane of symmetry passes through the center of the molecule 
on the line PP f . This form is called meso-tartaric acid. It is optically 
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inactive by internal compensation as contrasted with eft-tartaric acid 
which is optically inactive by external compensation. There is only one 
meso form of tartaric acid since the compound obtained by exchanging 
the hydrogens and hydroxyl groups of Tig. 36 is identical with Fig. 36. 
This meso form is a diastcrcoisoincr of the d- and /-tartaric acids and 
differs from them in physical properties. Some of these differences are 
shown in Table I. 

TABLE I 

Comparison of Physical Properties of the Four Tartaric Acids 


Property 

(/-Tartaric 

/-Tartaric 

(//-Tartaric; 

(Compound) 

meso- 

Tartaric 

1. Melting point 

170° C. 

170° C. 

206° C. 

140° C. 

2. Ionization — K\ 

0.00117 

0.00117 

0.0011 

0.00077 

3. Ionization — K 2 

0.000059 

0.000059 

0.000058 

0.000016 

4. Density 

5. Solubility (g. in 100 g. 

1.76 

1.76 

1.087 

1.666 

H 2 0 at 15°) 

139 

139 

20.6 

125 

6. Refractive index 



1.4246 

1.4315 

7. Specific rotation 



(20 per cent solu- 
tion 1LO) 

+ 12 

-12 

Inactive 

Inactive 

8. Dipole moments of 

diethyl esters 

3.12 X 10“ 18 

3.12 X HT 18 

3.16 X 10“ 18 

3.69 X 10" 18 

9. Boiling points of di- 

ethyl esters 

157°/11 mm. 

157°/1 1 mm. 

157711.5 mm. 
158714 mm. 

157.5714 mm. 


The data in Tabic I indicate that the d- and /-forms have the same 
physical properties except their effect on plane-polarized light. The dl- 
and tartaric acids differ in physical properties from each other 
and from the d- and /-forms. The data on the diethyl esters are of 
interest since they indicate that the boiling points of the isomers are 
very close together (see footnote, p, 256). The dipole moments of the 
d-, /-, and di-di ethyl tartrates are identical (within experimental error), 
but that of the meso-diethyl tartrate is distinctly higher, which is further 
evidence for the configuration assigned to it. 

Optically active molecules containing more than one asymmetric 
carbon atom have a rotation which is the algebraic sum of the rotations 
of the individual asymmetric atoms. The best evidence for this is the 
fact that the meso form is optically inactive. 
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Compounds Containing Three Different Asymmetric Carbon Atoms 

The conversion of molecules with two different asymmetric carbon 
atoms into compounds with three different asymmetric carbon atoms is 
shown diagrammatieally in Fig. 38, in which the arrows represent 
chemical read ions which generate a new asymmetric carbon atom 
different from the two already present. 


dl dl 


A + — + - 

B + - - + 



A + -+ — +- + — 

B + - + -- + - + 

dl dl dl dl 
Fig. 38 
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There will be eight optical isomers existing as four racemic modifica- 
tions. Any one isomer is a dia stereoisomer of each of the others except 
its own mirror image. The aldopentoses (Fig. 39) constitute a specific 
example of this type, in which ail the eight, isomers are known. 

Each racemic form of the molecule containing two different asym- 
metric carbon atoms produces two racemic modifications of the com- 
pound with three asymmetric carbon atoms, and these two racemic 
forms will be produced in unequal amounts. 

Compounds Containing Three Asymmetric Carbon Atoms, Two of 
Which Are the Same 

The trihydroxyglutaric acids obtained by oxidation of the pentoses 
have been found to exist in the forms shown in Figs. 40, 41, 42, 43, and 
summarized in Fig. 44. 

In the molecules corresponding to Figs. 40 and 41 the two end asynu 
metric carbon atoms (as in Fig. 44) are either both dexiro or both levo, 
respectively. The entire molecules are mirror images of each other and 
constitute a racemic modification. In these models the central carbon B 
is not asymmetric, since two of the groups attached to it are identical. If, 
however, the two end asymmetric carbon atoms have opposite con- 
figurations, i.e., one A is dextro and the other A is lcvo f then B has four 
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different groups attached to it. The question therefore arises as to the 
effect such a carbon atom exerts on the molecule. Examination of the 
two models* corresponding to Figs. 42 and 43 shows that each possesses 
a plane of symmetry drawn through the central carbon atom and its 
hydrogen and hydroxyl groups. Hence, these molecules are not asym- 
metric and, therefore, cannot affect plane-polarized light. Experiments 
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with the trihydroxyglutaric acids have confirmed the fact that such 
molecules are not optically active, but are internally compensated or 
meso forms. Since, however, the central carbon can have two different 
configurations by exchanging the H and OH groups as shown in Figs. 42 
and 43, there will be two meso forms. 

A carbon atom of this type, although it holds four different groups, 
possesses a plane of symmetry because of the fact that two of these 
groups are mirror images of each other. It is, therefore, not truly asym- 
metric and hence is termed pseudoasymmetric. In order to distinguish 
such pseudoasymmetric carbon atoms in the notation shown by Fig. 44, 
they are represented by circles containing plus or minus signs. 


Compounds Containing Four Asymmetric Carbon Atoms 

The presence of four different asymmetric carbon atoms in a com- 
pound gives rise to sixteen optical isomers which can form eight racemic 
modifications. Figure 45 summarizes the possibilities for such molecules. 
The aldohexoses (Fig. 4G) arc molecules of this type. All sixteen isomers 
are known and well characterized. 

In the special case of a molecule containing two pairs of similar 
asymmetric carbon atoms there will be only eight active forms existing 

* The student should build up models corresponding to Figs. 40, 41, 42, and 43, using 
tetrahedral models, and observe the space relationships between these isomers. 
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as four racemic modifications and two additional rneso forms. Figure 48 
represents the isomers of the dibasic acids (Fig. 47) obtained by oxida- 
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tion of the primary alcohol and the aldehyde groups of the aldohexoses 
(Fig. 46) mentioned above. 
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Compounds Containing Five Asymmetric Carbon Atoms 

Construction of the models of a molecule containing five different 
asymmetric carbon atoms shows that thirty-two optical isomers exist 
as sixteen racemic modifications. A study of the number of isomers 
found in compounds containing different asymmetric carbon atoms 
in a chain has shown that the number is equal to 2 n where n equals the 
number of asymmetric carbon atoms. This formula is used, therefore, 
to determine the number of isomers rather than building the models or 
drawing the possibilities by the A, B, C, D, E notation. 

A molecule of the type A-B-C-B- A is interesting because of the ques- 
tion concerning the influence exerted by the carbon atom C on the prop- 
erties of some of the isomers. A summary of the sixteen possible 
isomerides is shown in Fig. 49. 

The isomers numbered 1, 2, *3, 4 constitute two racemic modifications. 
Since the ends of these molecules are identical, carbon C is not asym- 
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metric. In forms 5, 6, 7, 8 a plane of symmetry is present and the ends 
A B are mirror images of each other. Hence, C is now pseudoasym- 
metric, and four meso forms result. The remainder of the isomers (9-1 G) 
constitute four racemic modifications. The question concerns the 
properties of these eight forms in each of which the only difference be- 
tween the A-B- on one end and the -B-A on the opposite end of the mole- 
cule is in the sign of one of the A 1 s or B'\ s. Thus, in the molecule 9, the 
two B ' s are both dexlro, but one A is dextro and the other levo. Is C 
truly asymmetric in this molecule; i.e., does it affect plane-polarized 
light and contribute to the rotation of the molecule as a whole? There 
are two possible solutions, neither of which has as yet been established 
by experiment. 


A + - + - + + + + + --f- + - + - 

A+-- + + + - — + — + - + - + - 

C © © © © — ri - 4" — + “ — + 

+ + + - + + 

A + — + — — — — — — + — + + — + — 

1_ 2 3 ji 5 fi 7 8 9 10 1J^ 12 13_ I t 15 1G 

dl dl mcao forms dl dl dl dl 

Fig. 49 


According to the first possibility C may be truly asymmetric, since 
there is no plane of symmetry, in which case the forms 9 16 will consti- 
tute four racemic modifications. Each form will have rotations and 
physical properties different from those of all the others except its own 
mirror image. 

On the other hand, the slight differences represented by | ^ p | and 
|*t| as in form 9 may not enable C to contribute to the total rotation 
of the molecule. If this happened in the molecule under consideration 
then forms 9 and 1 L would have the same optical rotation but would 
differ in other physical properties. The same would be true of the 
pairs, 10 and 12, 13 and 15, 14 and 16. 

Compounds Containing Asymmetric Carbon Atoms in a Branched- 
Chain Structure 

The preceding discussion has been limited to a consideration of the 
optical isomers of compounds ill which the asymmetric carbon atoms 
were present in a single carbon chain. In branched-chain compounds 
the number of isomers varies somewhat. As long as all the asymmetric 
carbon atoms are different the total number of isomers is equal to 2". 
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Thus, in a molecule of the type in Fig. 50, in which A*, B*, and D* are 
different groups containing an asymmetric carbon atom, the central 
atom C is also asymmetric ; hence, since there is a total of 4 asymmetric 
carbon atoms there will be 2 4 or 16 isomers existing as 8 racemic modi- 
fications. In a molecule of the structure shown in Fig. 51, there are 


B* 

R* 

* j* 

* E* 

A—C—D* 

1 

A-C—D 

1 

H 

E* 

Fig. 50 

Fig. 51 


5 different asymmetric carbon atoms, and hence 2 5 or 32 optical isomers 
(16 racemic modifications). In these types of branchcd-chain com- 
pounds, therefore, the number of isomers is the same as exists for a 
chain comoound with the same number of different asymmetric carbon 
atoms. 

Special Cases 

Molecules containing three similar asymmetric carbon atoms at- 
tached to a single carbon atom exist in only four active forms constitut- 
ing two racemic modifications. These forms are represented in Fig. 52, 
in which the capital letter A represents an asymmetric carbon atom and 
three such groups are attached to a central carbon shown by the tetra- 
hedron. It is evident that the central carbon is never asymmetric under 



dl dl 

Fia. 52 


these conditions, since either two or three groups attached to it arc identi- 
cal. In constructing models of these compounds, and also in representing 
their arrangement on paper, it is important to note that the mirror 
image of A+ is A - . 

A compound with four similar asymmetric carbon atoms (A) at- 
tached to a single carbon may exist in two racemic and a rrwso modifica- 
tion, as indicated by the formulas of Fig. 53. 
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If there are two similar asymmetric carbon atoms A, A and one 
asymmetric group, B } different from A, then there will exist eight active 


A+ A" A+ A” A 4 * 



dl dl meso 

Fio. 53 


isomers as four racemic modifications: these are summarized in Figs. 
54-61. 



In the first four forms, Figs. 54, 55, 56, 57, the central carbon atom 
represented by the tetrahedron is not asymmetric, since at least two 
groups are identical. In the last four forms the central carbon atom has 
attached to it a -\~A and a —.4 in each case. These four models, Figs. 
58, 59, 60, and 61, however, are active owing to the group B. Com- 
pounds corresponding to Fig. 58 and Fig. 60 should have the same 
rotation but different physical properties. The same is true for Figs. 
59 and 61. The enantiomorphic forms, Figs. 58 and 59, will have 
equal rotations opposite in sign and other physical properties identical. 



Fio. 58 Fio. 59 Fig. 60 Fig. 61 



Mathematical formulas have been developed by Senior 1 forjcalculating 
the number of isomers in these special cases. 

1 Senior, Bar., 60B, 73 (1927), 
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An unusual special case occurs in the oxime (Fig. 63) of a ketone of 
the type shown in Fig. 62. The ketone has two similar asymmetric car- 
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bon atoms, and hence exists in a racemic and a meso modification. The 
syn- and a;t//-oximes of the racemic form of the ketone (Fig. 64) are 
mirror images of each oilier, as is evident from the fact that the end 
groups are identical. The two oximes shown in Fig. 65 are derived from 
the mcfio form of the ketone and are optically active because they con- 
tain no plane of symmetry. The two forms of Fig. 65 are mirror images 
of each other and constitute a racemic modification. This is rather 
difficult to visualize from the two-dimensional figures, and it is neces- 
sary to construct the models in order to demonstrate the mirror-image 
relationship. 

There are other special cases involving various arrangements of 
asymmetric carbon atoms, but the number and nature of the isomers can 
be readily worked out, using the principles discussed above. 
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PART IV. RACEMIC MODIFICATIONS 
1. Formation 

By Synthesis. In the foregoing section it has been pointed out that 
the conversion of a molecule of the type O aobc into one of the type 
C abed yields a product which is an equimolecuiar mixture of the d- and 
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Z-antipodes called a racemic modification. Similarly the synthesis of 
molecules containing two, three, or more asymmetric carbon atoms 
results in the formation of racemic modifications. All ordinary chemi- 
cal reactions carried out on optically inactive compounds without the 
use of any optically active reagent and in the absence of circularly 
polarized light invariably produce racemates as the products. 

By Mixture of Enantiomorphs. If equi molecular quantities of the 
d- and Z-antipodes arc mixed the resulting product is optically inac- 
tive by external compensation and therefore constitutes a racemic 
modification. 

By the Racemization of an Optically Active Form. Optical isomers 
exhibit varying degrees of stability, and by suitable treatment most of 
them, are ultimately converted to the racemic modifications. If the 
starting material is the dextro form this change involves the conversion 
of half of this d-form to the Z-form,and vice versa for the racemization of 
an initial Z-form. This phenomenon of racemization may be accom- 
plished by purely physical agents such as heat, light, or solution in a 
solvent. It may also be accomplished by a change in structure involv- 
ing the formation of an optically inactive intermediate which reverts 
to the racemic form of the original. 

Racemization by Physical M eans. Many compounds arc raccmizcd 
by heat. If d-tartaric acid is heated with a small amount of water the 
racemic acid results together with a small amount of the meso form. 
d-Phcnylbromoacetic acid in benzene solution racemizes in three years 
on standing at room temperature . 1 Other compounds racemizc in a few 
minutes. Some compounds even racemizc while in the solid state, al- 
though the change under these conditions is very slow. AYhen racemi- 
zation occurs spontaneously at room temperature it is called autoracemi- 
zation. 

In general it appears that compounds which have reactive functional 
groups directly attached to the asymmetric carbon atom undergo 
racemization more easily than similar molecules in which the functional 
groups are remote from the asymmetric carbon atom. 

The mechanism of racemization taking place under the influence 
of physical agents has been ascribed by Werner 2 to vibrations of the 
groups. If the groups acquire sufficient energy so that the amplitude 
of the vibrations is great enough to bring the four groups momentarily 
into a plane then it is evident that either the d- or Z-forms may result. 
Werner 2 illustrated the racemization of a compound containing an 
asymmetric carbon atom by a spherical model. Using the presen t- 

1 Walden, Dcr., 31, 1416 (1808). 

2 Werner, “Lchrbueh der Stercocliemie,” Jena (1904), p. 49. 
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day tetrahedral concept the racemization would be represented as 
follows: 



J-Form Planar intermediate Z-Form 


There is, of course, no proof of such a mechanism. The energy 
content of optical enantiomorphs is identical, but this docs not mean that 
the interconversion is easy. A considerable amount of activation energy 
may be necessary to effect the interconversion. A curve representing 
the change in activation energy with composition is shown in Fig. 1. 



Fig. I 


If the energy difference (a in Fig. 1) between the d- or I- and the 
racemic form is great then the intercon version is difficult and requires 
drastic conditions, whereas if the difference is small then autoracemi na- 
tion takes place. 

Computation of the energy required to form the planar intermediate 
(shown above) show’s that this mechanism is rather improbable. The 
activation energy for this process appears to be about 88 keal. per irioIe. s 
Since only about 58.6 keal. is required to break a carbon-carbon bond it 
appears that purely thermal racemizations probably occur through some 
process which involves breaking of a bond attached to the asymmetric 
carbon atom rather than vibration of the groups into a planar arrange- 
ment. 

It has been found that /-butanol-2 undergoes partial racemization 
when its vapors are passed over zinc chromite, copper, or chromium 
oxide at temperatures from 132° to 218° whereas no racemization 
occurred over Pyrex glass at 000°. Calculations show that the racemiza- 
tion is probably not due to reverse reactions from either dehydrogena- 
tion or dehydration but very likely is due to a dissociative adsorption of 

3 Kincaid and Hcnriqucs, ,/. Am. CJtem. Sac., 62, 1474 (1940). 
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the alcohol by the catalyst. 4 Such a process involves actual breaking of 
one of the bonds directly attached to the asymmetric carbon atom. 

The kinetics of racemization lias been studied by many investigators 5 
and the determination of the velocity constants and the half-life periods 
of optical isomers has proved to 1x5 of great value, particularly in correlat- 
ing ease of racemization with certain structural factors such as the size 
of the groups in the biphenyls. 

Racemization is a reversible monomolecular reaction. The equations 
for the calculations of the velocity constants may be derived as follows: 

Consider the racemization of a pure d-form, 

d<=t l 


If a — initial concentration of the d and x the amount of d changing 
to l in the time l, and k\ and k '2 the velocity constants, then, since 
ki = k -2 = k because the rate of change of the d-form is equal to the rate 
of change of the Worm, the differential equation becomes 


Integrating, 


dx 


k(a — x) - kx ~ k{a — 2x) 


,2.3 , a 

k = - log io - — -r- 

2 1 a — 2x 


Since the concentrations are proportional to the rotations, if &q is 
the original rotation and a t the rotation at the end of the time i.e., 


then 


ecu oc a 
a t oz (a — 2x ) 


. 2.3 . ao 

k s logi °* 


The half-life period T represents the time in which one-fourth of the 
original d has been converted to l and is calculated from the equation: 

T= S iog “ 2 


Racemization Involving Tautomer ization. If the asymmetric carbon 
atom is in the a-position to a group capable of undergoing tautomeric 

4 Burwcll, ibid., 59, 1009 (1937). 

6 Smith, ibid,, 49, 43 (1927) ; Campbell and Campbell, tWd., 54, 3834. 45S1 (1932). 
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change 6 then raccmization takes place very readily. The enolization 
of a ketone may be represented by the following general equation. 

J /° / 0I1 

R— C— C— R R — C=C — R 

I I 

R' R' 

Enolization destroys the asymmetry of the molecule, and hence 
when the cnol form reverts to the keto form the probability of obtaining 
the d-form is equal to the probability of obtaining the i-form thus 
resulting in the racemic modification. In support of this mechanism, it 
has been found that, whereas mandelic acid (Fig. 2) readily undergoes 
racemization, 

OH OH ATT OH 

i i / on I 

C 6 H 6 — C— C0 2 H C 6 IU — C=C — OH <=> Cells — C — II 
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H C0 2 H 

fi-Form Z-Form 

Fig. 2 

the active atrolactic acids (Fig. 3) are stable and do not undergo race- 
mization; 7 the stability is due to the fact that no hydrogen atom is 
present on the asymmetric carbon atom and hence enolization is not 
possible. 
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McKenzie and Smith 8 studied the ease of racemization of the follow- 
ing series of amides and found that Z-at.rolactamidc (Fig, 4) does not 
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* Kipping and ITunter, J. Chem . Hoc., 

83, 1009 (1903). 



7 McKenzie and others, ihitZ., 107 , 702, 1681 (1915); 123, 1902 (1923); Bcr., 58, S94 
(1925); Schulze ami Basslmrd, Her., 18, 388 (1885) ; Kothe, Bcr.. 47, 843 (1914); Wren, 
J. Chem. Sue., 113, 210 (1918). 

8 McKenzie and Smith, J. Chem. Soc., 121, 1348 (1922). 
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undergo racemization in the presence of traces of alkali or potassium 
ethoxide in absolute alcohol. The other amides (Figs. 5, 6, and 7) show 
increasing rates of racemization, which phenomenon parallels the case of 
enolization of these compounds. 

McKenzie and Wren 3 have studied the action of alkaline reagents 
on active esters. Saponification of Z-cthyl mandelate with dilute aqueous 
alkalies causes little or no racemization, but the action of alcoholic 
potassium hydroxide causes considerable racemization. The explanation 
is based on the fact that aqueous alkalies cause saponification by the 
following reaction: 
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The asymmetric carbon atom is not affected and hence the product 
retains its activity. 

However, when alcoholic potassium hydroxide is the reagent the 
solution contains some potassium ethoxide. 


C a H 4 OH + KOH <=> C 2 H 5 OK + H-0 


The potassium ethoxide reacts with the optically active ester to 
produce the ester etiolate which is optically inactive and is in equi- 
librium with the racemic ester. Hydrolysis of either the optically 
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inactive ester enolate or the racemic ethyl mandelate would, of course, 
produce racemic potassium mandelate. 

9 McKenzie and Wren, ibid., 115, 602 (1919); Erlenmeycr, Schenkcl, and Epprecht, 
tfefo. Chim. Acta, 20, 367 (1937). 
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Conant and Carlson 10 studied the rates of cnolization of five optically 
active ketones of the type shown in Fig, 8 by noting the rates of racemi- 

lt 

I 

At — C — COCH 3 

I 

H 

Fig. 8 


zation. The relative rales were found to be dependent on the nature of 
the catalyst and solvent. 

The use of deuterium compounds has been introduced in order to 
obtain experimental evidence on the interrelationship between cnoliza- 
tion and raccmization. Hsii, Ingold, and Wilson 11 compared the rate 
of raccmization of the optically active /-phenyl scc-butyl ketone 
(Fig. 9) with the rate of introduction of deuterium when the ketone was 
treated with sodium deuteroxide in dioxanc-deuterium oxide solution. 
The steps in the process are probably : 

1. Formation of anion. 
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2. Raccmization. 
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10 Conant and Carlson, J. Am. Chem. Sac., 54, 4048 (1032). 

11 Hsu, Ingold, and Wilson, J. Chcm. Soc., 78 (19138). See also Ingold and Wilson, 
J. Chem. Soc., 773 (1934) ; Bartlett and Stauffer, J. Am. Chem. Sac., 57, 2580 (1935) ; Hsu 
and Wilson, J. Chem. Sac., 023 (1930). 
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By means of a large excess of deuterium oxide the third reaction can 
be driven to completion for all practical purposes. It was actually found 
that the rate of racemization of the optically active ketone paralleled 
the rate of introduction of deuterium. Both processes followed the 
first-order rate law within experimental error. The actual rates were 
not quite identical, but this is ascribed to the fact that the deuterium 
oxide contained some protium oxide. Protium exchanges at a more 
rapid rate than deuterium, and hence the ketone racemized a little more 
rapidly than would have been anticipated if deuterium alone had hern 
introduced. 

If a monobasic acid derived from a sugar is dissolved in pyridine or 
quinoline and heated, a change in the configuration of the asjmimetric 
carbon atom alpha to the carboxyl group takes place. Figures 10, 11, 12, 
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and 13 represent the interconversion of Z-arabonic and Z-ribonic and of 
d-gluconic and cf-mannonic acids. The basic solvent used prevents 
lactone formation and also catalyzes the transformation to an enolic 
intermediate which obviously can affect only the configuration of the 
a-carboti atom. The reaction is reversible and hence represents a con- 
figurational change of the a-asyminelric carbon atom whereas the other 
asymmetric carbon atoms are unaffected. Such a change in the con- 
figuration of one asymmetric carbon atom in a molecule which contains 
two or more asymmetric carbon atoms is called epimerization . This 
epimerization of the sugar acids discovered by Emil Fischer 12 is not a 
true racemization since the products are diastereoisomers and not mirror 
images. The formation of these epimers is best explained on the assump- 
tion of an enolic intermediate. 

Evidence supporting this concept has been obtained by Erlenmeyer 13 
and his associates, who found that treatment of Z-menthyl d-phcnyl- 
bromoacetale in ethyl deuteroxide with potassium ethoxide caused 
epimerization to take place rapidly. An isotopic analysis of the recov- 

12 Fischer, Bcr., 23, 799 (1890) ; 24, 2137, 3022, 4215 (1S91) ; 27, 3193 (1894). 

13 Erlenmeyer and co-workers, Hclv. Chim. Acta, 19, 129, 543, 1053 (1936); ibid., 20, 
367 (1937). 



248 


ORGANIC CHEMISTRY 


cred ester showed Unit 0.702 hydrogen atom had been replaced by 
deuterium per mole. The theoretical exchange value is 0.70 calculated 
from consideration of the equilibria and assumption of enolization be- 
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fore opimorization. It should be noted that the above process involves 
the following stereochemical changes: 

A + A A A + A - 

B — B - B - B - B - 

1 Hasli'-rcoismiit!] a 

2. Properties of Racemic Modifications 

The physical properties of a racemic modification generally differ 
from those of the enant iomorphs from which it is derived. The rela- 
tionships between, some of the physical constants of the racemic and 
the optically active forms are discussed below. 

A racemic modification may exist in three forms in the solid state. 
These solid phases ma}' be racemic mixtures, racemic compounds, or 
racemic solid solutions. Analogous types are found among many com- 
mon inorganic salts. Thus, copper calcium acetate exists as a mixture 
of the two salts above 75° but forms the double salt below this tem- 
perature. The racemic solid solution is analogous to isomorplious 
crystals, such as the alums which form mixed crystals in all proportions. 

Racemic Mixture. This modification is a mechanical mixture of 
individual crystals of the dexiro and levo forms. In some compounds, 
notably in sodium ammonium tartrate, the crystals may possess hemi- 
hedral facets and be themselves cnantiomorphic (Figs. 14 and 15). When 
carefully formed, they may be distinguished from each other with the 
aid of a hand lens and separated mechanically. 

Racemic Compound. A pair of enant iomorphs can often unite to 
form a molecular compound, all the crystals of which contain equal 
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amounts of both isomers and arc identical. Heat is usually evolved dur- 
ing its formation, and its physical properties arc markedly different from 
those of its components. Since, however, almost complete dissociation 
occurs when compounds of this type dissolve, ordinary cryoscopic meth- 
ods fail to establish a multiple molecular weight . 14 Presence of an ex- 
cess of one of the active modifications, however, limits the extent of the 
dissociation. Thus Walden 15 and Patterson 16 have been able to show 
that the values for the molecular weight of racemic diacetyl tartrate are 
considerably greater when determined in active diacetyl tartrate as the 
solvent than in water as the solvent. 




Racemic Solid Solution. f If a pair of enantiomorphs are also 
isomorphous, they may crystallize together as a solid solution without 
formation of a compound. This modification differs from a racemic 
mixture in that it constitutes but a single phase, as does a racemic com- 
pound. However, it differs from the latter in that all mixtures com- 
posed of a racemic solid solution and either active form still act as a 
single phase, whereas any mixture composed of a racemic compound and 
either active form constitutes two phases. 

Methods for Determining the Nature of Racemic Modifications. 
In order to distinguish between these three types of racemic modifica- 
tions, Roozeboom 17 has devised two methods. 

Freezing-Point Method. This method requires the preparation of a 
freezing point-composition diagram for mixtures of the racemic modifica- 

* Cohen, "Theoretical Organic Chemistry,” The Macmillan Co., New York (1928). 
(Courtesy of the publishers.) 

14 Ilaoult, Z. physik. Chan., 1, ISO (1887) ; Anschutz, Ann., 247, 121 (1888) ; Frankland 
and Pickard, J. Chew. Soc., 69, 128 (1896); Bruni and Padoa, 6 ’a 2 Z. chim. ital., 32, 503 
(1902). 

14 Walden, Ber., 39, 060 (1906). 

10 Patterson, Ber., 38, 4092 (1905). 

t The term “pseudoracemic mixed-crystal,” hitherto used to describe this modifica- 
tion, was introduced by Kipping and Pope. 

17 Roozeboom, Z. Physik. Chan., 28, 494 (1899). 
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tion with its corresponding antipodes. One may then distinguish be- 
tween the three types ill that the diagram for a racemic mixture is 
composed of two curves (Fig. 16); for a racemic compound, of three 
curves (Figs. 17 or 18, depending upon whether the freezing point of 
the racemic compound is higher or lower than that of the antipodes) ; 
and for a racemic solid solution, one line (Fig. 19). 

Since each of the possible diagrams is symmetrical, only one of the 
enantiomorphs, together with the racemic modification, is necessary for 
the study. 



In order to determine whether a racemic mixture or racemic com- 
pound is formed, it is merely necessary to add a small amount of cither 
the pure d- or pure /-form to the racemic modification and determine 
the freezing point. If this freezing point is higher than that of the 
original racemic modification a racemic mixture is present; if lower, a 
racemic compound is indicated. As is evident from the diagrams of 
Figs. 17 and 18, care must be taken not to add too much of the d- or 
/-form since the freezing point of this composition might fall close to 
one of the vertical axes and a rise in freezing point would be obtained. 


T 


100 %d o %d 

o %i m%i 

Fig. 19 

This method cannot be used if the components form a racemic solid 
solution since the liquidus and solidus curves become identical and hence 
there is only a straight horizontal line between the identical melting 
points of the d- and /-forms. (See Fig. 19.) 
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Solubility Method. Roozeboom 17 and also Bruni 18 have discussed 
the solubility relationships which should exist between optical enanti- 
omorphs, racemic mixtures, racemic compounds, and racemic solid 
solutions from considerations of the phase rule. The curves shown have 
not been established experimentally, nor have their exact shape and 
slope been determined. No experimental data have been presented 
which definitely correlate the melting-point curves given above with 
solubility curves. 

According to Roozeboom, just as the presence of a second fusible 
solid phase lowers the melting point of an organic compound, so the 
presence of a second soluble phase alters its solubility. Hence, if a 
solubility-composition isotherm for mixtures of a racemic modification 
with its corresponding cnantiomorphs is plotted, the result is the same as 
in the previous method, i.e., a racemic mixture gives rise to two curves, a 
racemic compound to three curves, and a racemic solid solution to one 
curve. Here, again, the diagrams arc symmetrical, so that only one of 
the active isomers is needed for the study. 

The conclusions drawn from this method are valid only for the par- 
ticular temperature at which the solubilities are determined. Suppose, 
for example, that a substance crystallizes from water as a racemic mix- 
ture at a temperature The solubility-composition isotherm, t\ (Fig. 
20), then has the form acb, where a and b are the solubilities of the pure 
d-form and pure Worm, and c the solubility of the mixture.* The 
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Fig. 21 


branches ac and be then represent the change in solubility of each form 
as the other form is added. It often happens, however, that the same 
racemic modification can crystallize as a compound at a higher temper- 

18 Bruni, Gazz. chivt. itaL, 30, 35 (1900). 

* The shape of these curves depends on the nature of solute and solvent. The point. 
c may also lie on a straight line between a and 5 or may be below the value for a or 6. 
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at ure, l 2 . Its solubility-composition isotherm then has the form dfhge ; 
df and eg have the same meaning as ac and bc } but instead of being joined 
together directly, they arc attached to the curve fhg, in which h repre- 
sents the solubility of the racemic compound, and hf and hg represent the 
change in its solubility in the presence of increasing amounts of the d- and 
Z-forms, respectively. The points / and g therefore represent solutions 
saturated with respect in (lie one case to racemic compound and d-form, 
in the other to racemic compound and Z-form. If solubility-composition 
isotherms for temperatures lower than t 2 are plotted, the points f and g 
approach each other along the curves MO and NO, respectively, until 
thej’ meet at 0. The temperature at which this occurs is the transi- 
tion temperature for the racemic modification concerned. Above that 
temperature it will crystallize only as a racemic compound; below it, as 
a racemic mixture. An example is sodium ammonium tartrate with a 
transition temperature of 27.7°. 

For some racemic modifications the Ritual-ion is reversed. In this 
event the curves appear as in Fig. 21, where t he racemic mixture is now 
the form stable above the transition temperature, and (he racemic com- 
pound is the form stable below. An example is rubidium tartrate with 
a transition temperature of 40.4°. 

The solvent, especially when the solute can crystallize with solvent 
of crystallization, plays an important role in determining which form the 
racemic modification possesses in the solid state. Thus sodium ammo- 
nium tartrate as a racemic mix! ure crystallizes with four moles of water 
for each form, but as a racemic compound with only two; and rubidium 
tartrate crystallizes as a racemic compound with two moles of water of 
crystallization but as a racemic mixture with none. In general, the form 
possessing the smaller number of moles of water of crystallization is the 
form obtained above the transition temperature 4 . 

Racemic modifications sometimes crystallize from one solvent as a 
mixture, from another as a compound. Hero, too, solvent of crystalliza- 
tion probably plays an imixirtant. role. 

Transition temperature's at which a racemic compound becomes a 
racemic solid solution have also been observed. Thus racemic cani- 
phoroxime, above 103°, crystallizes as a solid solution. When this cools 
to 103° or below, the solid solution becomes a compound; the reverse 
change takes place upon reheating to 103°. 

The foregoing discussion outlines the solubility relationships of t lie- 
active forms and the racemic mixtures and compounds. In order to dis- 
tinguish between a racemic mixture and a racemic compound it is only 
necessary to add a crystal of the pure d- or Z-form to a saturated solution 
of the racemic modification at the proper temperature. In the case of 
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the racemic mixture, the crystal docs not dissolve, since the solid phase 
of a racemic mixture contains crystals of the d- and Worms. Hence, the 
solution remains optically inactive. However, the addition of crystals 
of either isomer to a saturated solution of a racemic compound results in 
the presence of a new solid phase. The crystal dissolves and the super- 
natant liquid becomes optically active. 

If this solubility test is applied to a saturated solution of a racemic 
solid solution the same results are obtained as if a racemic mixture were 
used. This method, therefore, does not distinguish between racemic 
mixtures and racemic solid solutions. 

In addition to the two methods just described Bruni 19 developed a 
third procedure which involves a study of the eutectics of mixtures of 
the two active forms with a third inert substance. This method can be 
illustrated by Adriani’s 20 study of eamphoroxime. The melting- 
point curve of mixtures of the pure r/-oximo with naphthalene was first 
studied in order to determine the composition of the eutectic. Various 
mixtures of d- and Z-camphoroxime wort 1 then made up and added to 
naphthalene in the same proportion as in the eutectic mixture of the 
pirn* d - form and naphthalene. The freezing-point curves of these mix- 
tures were determined and a plot of the data obtained is shown in 
Fig. 22, Figures 23, 24, and 25 show the data obtained when phenan- 



Fig. 22 Fig. 23 Fig. 24 Fig. 25 

threne, benzoin, and anthracene wore used in place of naphthalene. 
The curves indicate that between GO and 90° (ZZ-camphoroxime exists 
as a racemic compound, but at 106° as a racemic solid solution. 

Existence of a Racemic Compound in the Liquid State. While many 
experiments have been performed in attempts to establish the existence 
of liquid racemic compounds, the only satisfactory evidence is that ob- 
tained from diagrams such as those of Figs. 17 and 18. The flatness 
of the freezing-point curve at its maximum is an approximate measure of 
the degree of dissociation of the racemic compound at its freezing point. 
By means of this fact, Ross and Somerville 21 showed that racemic eam- 

19 Bruni, Atfi. accad. Linen', [5] 8 I, 332 (1S99) ; Gazz. chitn. itaL, 30, 35 (1900). 

20 Adrian i, Z. phynik. Chew., 36, 16S (1901). 

“ l Rosa and Somerville, J. Chon. Hue., 2770 (1926). 
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phoric acid dissociated upon molting to the extent of about 12 per cent, 
and, similarly, racemic methyl hydrogen camphorate about 18 per cent. 
On the other hand, for temperatures above their freezing point, liquid 
racemic substances always behave as mixtures. 

3. Resolution of Racemic Modifications 

The fact that optical antipodes have the same physical properties, 
with the exception of the effect on polarized light, means that special 
methods must be used in order to separate them. It was Pasteur who 
accomplished the first separation of the optical forms from a racemic 
modification and developed many of the procedures for resolution. 

(a) Mechanical Separation of Crystals. When a racemic modi- 
fication is allowed to crystallize from a solution under conditions which 
permit the separation of a racemic mixture then the solid phase consists 
of two kinds of crystals, one of which is composed of the dextro and the 
other of the leva isomer. Jf these crystals possess hemihedral facets 
which permit them to be distinguished from each other, then they may 
be separated by means of a pair of tweezers and a hand lens. It was 
in this manner that Pasteur 22 in 1848 separated the d- and Worms of 
sodium ammonium tartrate, the crystal forms of which are shown in 
Figs. 11 and 15 (p. 249). 

This method has found useful application in only a few instances. 
It cannot be used to resolve racemic compounds or solid solutions which 
do not possess convenient transition temperatures permitting crystal- 
lization as racemic mixtures. Also, many racemic crystals do not possess 
the requisite he mi he dr ism by which they may be distinguished. Even 
where definite hemihedral crystals are possible, considerable skill and 
patience are required to grow suitable crystals. 

(b) Preferential Crystallization Due to Inoculation. A more prac- 
tical way of accomplishing a direct separation of the enantiomorphs in a 
racemic mixture is in some way to cause but one of the forms to crystal- 
lize from a supersaturated solution of the mixture, leaving the other be- 
hind. 

It has been found that an aqueous solution of racemic ammonium 
hydrogen nialate deposits an initial crop of crystals which arc optically 
active and which are found to consist of three parts of the l - salt to 
one part of the d-salt. Thus a partial resolution of the dl - mala to has 
taken place. Malic acid has been resolved by crystallization of inactive 
ammonium inolybdomalate. The preferential separation of one form 
depends on inoculation of a supersaturated solution with an active form. 

22 Pasteur, Ann. chim. yj/rr/*., [3] 24, 442 ( 1848 ). 
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Lactic acid has been resolved by inoculation of a concentrated solution 
of the zinc ammonium salt with crystals of the active salt. In some 
instances, merely an isomorphous substance may be used as the inocu- 
lum, A crystal of /-asparagine when added to a solution of (ft-sodium 
ammonium tartrate causes pure sodium ammonium d-tartratc to crystal- 
lize out first. Some experiments have been reported in which the 
inoculating crystals need not be optically active or even possess an 
asymmetric atom. 

Quite recently Anderson and Hill 23 have observed a spontaneous 
resolution of atropine sulfate (Fig. 26). Repeated crystallization of this 
dl - salt from absolute alcohol yielded the d~ and /-hyoseyamine sulfate 
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with [a] D - ± 20°. The atropine sulfate was prepared by racemi- 
zation of /-hyoscyaminc and also by synthesis from synthetic tropic 
acid and Iropine, but the spontaneous resolution occurred with both 
samples. Anderson and Hill attribute the spontaneous resolution to 
inoculation from the atmosphere since the results obtained varied de- 
pending on whether or not the crystallizations were carried out in labora- 
tories where /-hyoscyaminc had been used in other experiments. 

The eft-form of dilactyldiamide, 24 

CH,--CH— CONII* 

0 

I 

ch 3 — cii— coxii 2 

is spontaneously resolved by crystallization from water provided the 
temperature is above 35°. (//-Histidine monohydrochloride also has 
been resolved spontaneously.- 5 

23 Andorson and Hill, J. Vhvm. Soc., 993 (10— S) . 

24 Vi61es, Compt. rend., 198, 2102 (1934). 

23 Duschinsky, Cttemixlnj «(* Industry , 10 (1934). 
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It can readily be seen that this method avoids some of the objections 
to the use of the first method. Moreover, a spontaneous crystallization 
of one form can occur even if the racemic modification is a compound 
provided this compound is more soluble than its component enantio- 
morphs. 

(c) Conversion to Diastereoisomers. This method was also orig- 
inated by Pasteur and elaborated by other investigators. It has already 
been pointed out that diastereoisomers have different physical proper- 
ties; hence, if a racemic modification is combined with some readily 
available optically active reagent, two diastereoisomeric forms result 
which may be separated by fractional crystallization.* After separation, 
the original active group is split off from each of the diastereoisomers 
separately and the d- and /-forms of the original racemate are obtained. 
As an example, the separation of a racemic acid, represented by til A 
may be considered. Combination with an active base (IB) gives flu* 
two diastereoisomeric salts: 

dlA + 2ZB— > dAlB + l A • IB 

These salts are not enanfiomorphic and hence possess different solu- 
bilities and may be separated by fractional crystallization from a suit- 
able solvent. After separation, the rf A • IB is treated wifh mineral acids 
or alkalies and the IB split off leaving the dA form. In a similar way tin* 
/A • ZB salt yields the /A form. 

Racemic bases may be resolved by an optically active acid in an 
analogous manner. 

This general method for obtaining both forms possesses some diffi- 
culties in actual practice. Some of the causes of failure to obtain resolu- 
tion of a racemic modification arc: 

(a) The salts dA-lB and ZA-/B may separate as oils which cannot 
be made to crystallize. The only resort then is to try other optically 
active bases until good crystalline salts are obtained. 

(i b ) The two components may form a “diastereo compound,” t 
dlA-lB . If the transition temperature at which this compound is 
dissociated into the diastereo mixture, dA ■ IB -f I A - IB, lies outside 
the temperature range at which crystallization can occur, and if it is 
less soluble than either of its component diastereoisomers, then no 
separation can be effected and the resolution fails. 

* It has recently boon reportod that diastereoisomers may bo separated by fractional 
distillation through a very efficient packed column. Sec Bailey and Hass, J. Am. Chan. 
.S oc., 63, 1969 (1041). 

t Also known as “partially racemic compound.” The term ‘‘partially racemic" is 
self-con trad ic tory . 
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(c) The two salts, if isomorphous, may form a continuous series of 
solid solutions, from which they cannot be separated. It sometimes 
lappens that a portion of one salt separates first, after which the remain- 
ng material crystallizes as a solid solution of more or less constant 
composition.* 

(d) The two salts may possess such slight differences in solubility 
:hat the resolution becomes quite tedious. Under such circumstances a 
variation in procedure introduced by Pope and Peachey 26 is frequently 
successful. It consists in neutralizing the inactive base dlB with an 
[jquimolecular mixture of an active acid, dA, and a mineral acid such as 
hydrochloric acid. Four salts arc formed, dA-lB, dA-dB, IB hydro- 
chloride, and dB hydrochloride. If the dA ■ IB is the least soluble salt 
it crystallizes first. This disturbs the equilibrium among the salts 
remaining, so that more dA'IB is formed from the dA-dB and IB 
hydrochloride. This new dA-lB then separates and the process con- 
tinues until most of the IB has crystallized as dA-lB, and the dB remains 
in solution as the hydrochloride. This modification fails, however, if 
the two diastereoisomers crystallize as compounds or solid solutions, 
rather than as mixtures. The hydrochloride of the base must, of course, 
be very soluble. 

(e) When the salt dA • IB is considerably the less soluble, it is obtained 
pure after but few crystallizations, and the dA regenerated from it is 
optically pure. However, the more soluble lAdB remaining in the 
mother liquor is contaminated with a small amount of dA-lB and is 
difficult to obtain optically pure. In order to do so, it is sometimes 
possible to find another solvent in which the IA • IB is the less soluble and 
then, by its use, the pure salt can be separated. Decomposition of 
this salt yields pure l A. A second method for obtaining pure IA con- 
sists in decomposing the impure salt and combining the resulting impure 
l A with other active bases until a pair of diastereoisomeric salts is ob- 
tained with the reverse solubility relationship: i.c., the lA’IB is less 
soluble than the dA-iB. By crystallization the former then separates 
in the pure state and the IA is obtained from it in the optically pure 
condition. 

A third method for obtaining the pure isomer from the more soluble 
salt has been developed by Marckwaldj 27 it depends on the fact that 
the salts dA • IB and IA ■ dB, as well as IA ■ IB and dA ■ dB, are enantiomor- 
phic and possess the same solubility. Hence, if the partially resolved 
but impure IA, obtained as described above, be recombined with the 

* This behavior is analogous to the formation of azeotropic mixtures of liquids. 

26 Pope and Peachey, J. Chem. Roc., 75 , 1066 ( 1899 ). 

27 Marckwald, Bcr., 29 . 43 ( 1896 ). 
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optical antipode of the original active base, the enantioraorphic salt, 
ZA-dB, is now less soluble than dAdB and is the first to crystallize 
from the solution. In order to accomplish resolution by Marckwald’s 
method it is necessary to have supplies of both the d- and Worms of the 
resolving base in the optically pure state. Since relatively few such 
pairs are readily available this method has been little used. 

The solubility relationships among optically isomeric salts have been 
investigated by Ingersoll, 28 who has devised new methods for the com- 
plete resolution of racemic acids and bases. The first step in these 
procedures is similar to that already described. For example, a racemic 
base is treated with an active acid and the two salts obtained. 

dIB + 2dA-> ZBdA + dBdX (1) 

When, for example, the salt ZB *dX is the less soluble this salt is recrystal- 
lized until pure. Treatment with alkali liberates the pure Z-base. The 
mother liquors containing dB ■ dX and some ZB-dA are likewise treated 
with alkali and the partially resolved base {dB + dIB) obtained. New 
procedures were developed to secure the pure (Z-base from this mixture. 

When this mixture is treated with an equivalent amount of the 
racemic form of the acid originally used (or any other suitable dZ-acid) 
the ions in the solution may combine in one of two ways as shown by 
equations 2 and 3: 

((ZB + li/B) + 2dZA -> dlB -dlk -f dB dA + dB lX (2) 

(dB -|- dIB) -f- '2d l A — > dIB ■ dlX (ZB • dlX (3) 

In the instances represented by equation 2 the salt dB«ZA, which is 
enantiomorphic with the ZBdA of equation 1, may sometimes be the 
least soluble, and, if so, it crystallizes out first. It is purified by recrys- 
tallization, and upon treatment with alkali gives the pure dB and also 
the alkali salt of pure IX. Thus both active forms of the base and the 
acid are obtained. 

When equation 3 represents the mode of combination, a complete 
resolution of the base (but not of the acid) is possible whenever the 
diastereo compound dB’dZA is less soluble than the racemic salt dZB-dZA. 
Crystallization then yields the dB*dZA salt pure from which alkali liber- 
ates the pure dB and the alkali salt of the racemic acid. 

It is clear, however, that each of these methods depends for its suc- 
cess on a favorable order of the solubility of the isomeric salts involved. 
When, in equation 1, ZB*dA is less soluble than dB-dA, then in the 
salts shown by equation 2 the enantiomorphic salt dB*ZA (possessing 

28 Ingersoll and eo- workers, J. Am. Chem. Hoc., 47, 1168 (1925); 50 f 2264 (1928); 
274, 4712 (1932) , 55, 411 (1933); 56, 2123 (1934). 
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the same solubility as IB-dA) is less soluble than dB-dA; but in addi- 
tion dB-lA must be less soluble than the racemic salt dlB-dlA. For 
separation under the conditions represented by equation 3 the diastereo 
compound dB-diA must be less soluble than the racemic salt dlB-dlA. 
Many cases corresponding to these solubility relationships have been 
studied by Ingersoll and his students. 

It is evident that the resolution of racemic acids and bases described 
in the above paragraphs is merely one special example of diastereoisomer 
formation. Racemic compounds which do not have functional groups 
capable of salt formation may be converted to diastereoisorncric deriva- 
tives by reaction with any suitable optically active reagent. Such a re- 
agent should have the following properties: 

1. It should be readily obtainable from easily available starting 
materials. 

2. It should react with the racemic modification in but one way. 
Thus a dibasic acid, which can form both normal and acid salts, is not so 
useful a resolving agent as a monobasic acid. 

3. It must form compounds with the racemic modification stable 
enough to resist dissociation or decomposition on recryslallization, yet 
easily split after separation, by methods not drastic enough to cause 
racemization. 

4. Its diastereoisorncric derivative must be erystallizable and less 
soluble than any of its components. 

5. It should have a high rotatory power in order to enable the 
progress of a resolution to be followed by polarimetric methods. 

6. It should be readily recoverable for repeated use. 

The following summary lists the more important compounds which 
have been used for resolution of racemic modifications. 

1. For resolution of racemic acids the following bases have been used. 

Brucine a-Phenylethylamine 

Cinchonidine Phenyl oxynaphthyl methylamine 

Cinchonine Quinidine 

Hydroxyhydrindamine Quinine 

Menthylamine Strychnine 

Morphine ^-Ephedrine 

The benzimidazole bases formed by the condensation of a lactone of 
s sugar acid with o-phenylcncdiamme have been found useful for resolv- 
mg certain di-acids. By use of the benzimidazole derived from D-gluco- 
D-guloheptolactone excellent yields of i-tartaric acid may be obtained 
from racemic acid. 29 

!# Haskins and Hudson, ibid,, 61 , 1266 ( 1930 ). 
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2. The following compounds have been used for the resolution of 
racemic bases. 


a-Bromocamphor-7r-sulfonic acid 

Camphoric acid 

Camphor-10-sulfonic acid 

Iielicin 

Malic acid 

Mandelic acid 


Menthoxyacctic acid 
Oxymotliylniic cai i iphor 
Quin ic acid 
Tartaric acid 

2,2'-Dinitro-6,G'-diphcnie acid 
Diacetyltartaric acid 


3. Racemic alcohols are usually first converted to hydrogen phthalale 
or hydrogen succinate esters by interaction with phthalic or succinic 
anhydrides. The acid esters are then resolved in the usual way with an 
optically active base. From I he resolved esters tin* active alcohols are 
obtained by saponification. Esters of tnrtranilic acid have also been used 
for resolving alcohols. 30 

/-Menthyl isocyanate and /-mcnthoxyacctyl chloride are also useful 
resolving agents for alcohols and phenols. 

4. Racemic aldehydes and ketones may be resolved by combination 
with /-mcntbylhydrazine, d-isoamylhydrazine, Z-menthylsemicarbazide, 
or d-a-phenylethylsemicarbazide. 

In the case of sugars, rf-amyl mercaptan has been employed. 

5. a-Amino acids arc usually resolved through their acyl derivatives. 
Mcnthoxyacetj’l chloride forms an acyl derivative which consists of a 
mixture of diastcrcoisomcric forms. 

6. Hydrocarbons may be partially resolved by means of their addi- 
tion compounds with desoxycholic acid. 

(d) Kinetic Method of Resolution. Marckwald and McKenzie 31 
have shown that /-menthol reacts fast(‘r with d-mandelic acid than with 
/-mandelic acid. Hence, if rif-mandelic acid is esterified (equation 4) 
with a quantity of /-menthol insufficient to react with all the acid present 
the product consists to a large extent of /-menthyl d-mandelate. If 
equivalent amounts arc used the esterification must be interrupted 
before the process is complete. The two products of the esterification 
reaction are diastereoisomers and are produced in unequal amounts 
under the conditions used. One. reason suggested for the inequality in 
amounts is the fact that esterification probably involves the formation 
of the intermediate addition compound shown in the brackets. The 
active /-menthol adds to the carbonyl group of the d- and /-mandelic 
acids at different rates because of the different si eric influences of the 

38 Barrow and Atkinson, ./. Cfu.-m . Soc., CSS (1939). 

31 Marckwald and McKenzie, Her., 32 , 2130 (1899); Marckwald and Paul, Her., 38, 
810 (1905; ; 39 , 3G54 (1900). 
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Two di aste reoisome ric est ers composed, for example, of Z-acid-Z- 
alcobol and d-aeid-Z-alcohol have also been found to undergo hydrolysis 
at different rates. Hence if the hydrolysis of a mixture of two such esters 
is interrupted before it is complete, a predominance of one isomer is 
found and thus constitutes a partial separation. 

Of theoretical interest in connection with heterogeneous catalysis is 
the observation of Schwab and Rudolph 32 that in the catalytic dehydra- 
tion of dZ-2-butanol over active quartz the unchanged alcohol was found 
to be optically active. Apparently the active quartz exhibited a selec- 
tive adsorption for the d- or Z-forms of the 2-butanol. 

Powdered d- and Z-quartz have also been found to exert a selective 
adsorptive action on the enantiomorphic forms of certain complex 
cobalt compounds. 33 The resolutions obtained were not complete 
but the method may serve as a means of determining the resolvability 
of compounds. Henderson and Rule 34 resolved dZ-p-phenylene-6is- 
iminocamphor by allowing a petroleum other-benzene solution to flow 
down a Tswctt column packed with lactose. Partial resolution occurred 
during each passage, and the process had to be repeated many times in 
order to effect resolution. 

(e) Equilibrium Method of Resolution. If the d- and {-forms 
constituting a racemic form arc readily interconvertible (i.e., racemize 
easily), then reaction of such a dZ-form with an active compound may 
result in unequal amounts of the dia stereoisomers even though the rcac- 

32 Schwab ami Rudolph, Natitricissenscliaften, 20, 363 (1932). 

33 Tsimhida, K obayashi, ami Nakamura, J. Chew. Soc. Japan , 6G, 1339 (1935); Bull. 
Chem. Roc. Japan, 11. 38 (1936); TCanigunis and Ooumoulos, Nature, 142, 1G2 (1938). 

34 Henderson and Rule, Nature, 141, 917 (193S) ; J . Chew, Soc., 1508 (1939). 
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tion is allowed to run to completion. That Is, the equilibrium con- 
centrations of the diastereoisomcrs are different. 36 For example, 
McKenzie 36 prepared the Z-nienthyl esters of d- f 1-, and dZ-a-chtoro- 
phenylacetic acids. Treatment of each of these esters with a trace of 
alkali in absolute alcohol solution led to the production of the diasterco- 
isomeric esters in 57 per cent and 43 per cent yields respectively at 
equilibrium. The following diagram summarizes the changes involved. 


50% 


*7 Z 

C 6 II & CIIClCO,CioUi9 

*d l 

C 6 H 5 CHaC0 2 CioHi9 



— > 


*? l 
C 6 H 5 CIIC1C0 2 Cu,H 19 


57% C 6 H 5 CHC1CO,CioHi 9 
*d l 

43% C 6 H fi CHClCO 2 Ci 0 H 19 


*d l 

50% C 6 H 5 CHClCO,C 10 Hi9 


It is evident that some interconversion of the d- and /-configurations 
about the asymmetric carbon atom marked with the asterisk must have 
taken place in order to account for the composition of the final equi- 
librium mixture. Recent studies on such transformations have been 
made by Jamison and Turner. 37 

The inequality in amounts of the two diastereoisomcrs may be so 
great that only one form can be isolated. The relative solubility of the 
diastereoisomcrs is a very important, factor and assists in shifting the 
equilibrium. For example, Leuchs 38 in resolving the two compounds 
(Fig. 27 and Fig. 28) by brucine and strychnine obtained only the d-forms 


H 



Fig. 27 Fig. 28 

even though the solution of the salts was evaporated to dryness. Ashley 
and Shriner 39 obtained only the d-form of the compound shown in Fig. 29. 

35 King, Ann. Refits. Chem. Hoc. (London), 30, 201 (1933). 

36 McKenzie anri Smith, Bar., 58, 899 (1925). 

37 Jamison and Turner, J . Chem. Hoc., 1954 (1937) ; 1640 (1938) ; 204 (1940). 

38 Leuchs, Her., 64, 830 (1921). 

39 Ashley and Shriner, J. Am. Chem. Soc ., 54, 4410 (1932). 
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The biphenyl (Fig. 30), of which merely the Z-form was obtained, is one 
of several biphenyl derivatives isolated in only one form by Adams 40 
and his students. 


C 2 H 5 

c 6 h & -so 2 -c-co 2 h 

I 

H 



Fig. 29 


Fig. 30 


It is important to note the differences between the two methods of 
resolution just described. In the kinetic method it is necessary to limit 
the amount of the active compound used or to stop the reaction at a 
given time before the reactions are complete. No interconversion of the 
d- and Z-forms is necessarily involved. In the equilibrium method inter- 
conversion of d- and Worms t akes place, equivalent amounts of reactants 
may be used, and the reactions arc allowed to proceed until equilibrium 
is established. 

(f) Biochemical Processes. It has been found that, if a dilute 
solution of a racemic compound is made to serve as a medium in which 
bacteria, yeasts, or molds are grown, certain microorganisms tend to 
destroy one isomer more rapidly than the other. By filtration of the 
solution through a Chamberland filter and concentration, the unattacked 
isomer may be obtained. This method was originated by Pasteur 41 
who found that the organism Penicillium glaucum destroyed d-am- 
monium tartrate more rapidly than the Z-ammonium tartrate in a dilute 
solution of dZ-ammonium tartrate. 

It has been found that this same preferential attack upon one of the 
isomers in a racemic modification occurs in higher organisms. Thus a 
salt of dZ-malic acid injected subcutaneously in the rabbit gives rise to 
d-malate in the urine ; 42 similarly, when sodium dZ-phenyl- 7 -oxybutyrate 
is given to a dog, the urine contains more of the Z- than of the d-isomer . 43 

The living organism is not necessary to obtain this differential 
destruction of one form since enzymes will accomplish the same effect. 
For example, the enzyme cmulsin acts on synthetic dZ-mandclonitrile to 
destroy the d-form more rapidly than the Z-form. Apparently, since 
the enzyme itself is optically active, the phenomenon is similar to that 
involved in method (c) and (d) or in both. 

40 Chicn and Adams, ibid., 55, 1787 (1934). 

41 Pasteur, C&mpt. rend., 46, 615 (185S) ; 51, 298 (1860). 

42 Tomita, Biochem. Z ., 123, 231 (1921). 

43 Thierfelder and Sehempp, Arch. ges. Physiol., 167, 280 (1917). 
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Those biochemical methods, though of great physiological impor- 
tance, obviously possess certain limitations from the practical standpoint 
of obtaining both d- and /-forms. Dilute solutions must be employed ; 
hence the amounts which can be obtained are limited. It is necessary 
to find microorganisms or enzymes which destroy the d-forin in one case 
and the /-form in another in order to secure both antipodes, and then at 
most only half the material is obtainable in an active state. Unlike 
method (c) and its variations, this method therefore finds little use. 

4. Interconversion of Enantiomorphs. The 
Walden Inversion 

The conversion of a dextro compound into its Icvo isomcride may be* 
accomplished by means of a sequence of reactions which result in the 
exchange of two groups. An example of such an interconversion of 
optical isomers is Fischer’s transformation 44 of the dextro form of the 
half amide of isopropylnmlonic acid into its leva isomer, which lias 
already been discussed (p. 226h 

Another method of interconversion was discovers! as the result of 
studies of the reactions of optically active compounds. The replacement 
of a group directly attached to an asymmetric carbon atom, such as a in 
Fig. 1, by a different group, x, may take place with no change in the 


b h b 



d d d 

Fm. 1 Fig. 2 Fig. 3 


configuration of the groups about the asymmetric carbon atom. This 
leads to the formation of a compound represented by Fig. 2. However, 
it is known 1 hat. in many reactions a change in configuration occurs and 
the product is the enantiomorph, P ig. 3. This phenomenon is known as 
the Walden inversion, since it was discovered by Paul Walden 4!i in ISOS. 

As one illustration of these inversions, the following cycle of reac- 
tions 46 may be considered. 

44 Fischer and Brauns, Her., 47, 3181 (1914). 

4i Walden, Wr., 26, 210 (1893) ; 29, 1IW (1X9(1). 

46 Walden. lU r., 32, 1855 (1899) ; “Sails, Acids, and Rases: Klertmlyt.es: Stereochem- 
istry,” McGraw-Hill Book Co., New York (1929). 
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/-Malic acid rf-Clilorusuceinic acid 


Examination of the above cycle of transformations shows that 
I-aspartie acid produces i-malic acid by the direct action of nitrous 
anhydride, but that successive action of nitrosyl chloride and potassium 
hydroxide results in d-malic acid. This cycle of reactions also enables 
i-malic acid to be transformed into d-malic acid (and vice versa) by cither 
of two routes. Likewise, Lchlorosuccinic acid and d-chlorosuccinic acid 
may be interconverted. Thus, by the choice of the proper sequence of 
reactions, using selected inorganic reagents, it is possible to convert a 
dextro compound into its leva isomer (and vice versa) without, its passing 
through the racemic form. 

Since the actual observed rotation docs not reveal whether the result- 
ing molecule has the same or a different configuration, it is impossible 
to state the exact steps in the cycle in which the inversion 
occurs. 

The contrast between the Walden inversion and racemization lies in 
the fact that in racemization only 50 per cent of the starting isomer is 
converted into its mirror image, and the product is racemic. Resolution 
is necessary in order to obtain the optical enantiomorph of the original. 
Since the Walden inversion produces the optically active enantiomorph, 
however, no resolution is necessary. In many cases, the conversion is 
nearly quantitative, and hence this method of interconverting optical 
isomers is sometimes useful for the preparation of certain optically active 
forms. The process, however, has its limitations in that if occurs only 
when a group directly attached to an asymmetric carbon atom is replaced. 
Moreover, partial racemization during the reactions may cause difficulty 
in isolating the pure optical isomer. 

The investigations which have been conducted on the Walden inver- 
sion have shown that there arc numerous factors which determine 
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whether or not an inversion will occur. Some of these factors are dis- 
cussed below. 

(a) Nature of the Reagent. The particular reagent chosen to effect 
a reaction exerts a predominating influence on the configuration of the 
product. This is illustrated in the reactions given above. It is evident 
that potassium hydroxide and silver oxide react in a different manner 
with the d- or J-chlorosuecinie acid. 

(b) Nature of the Solvent. 47 The action of ammonia on J-a-bromo- 
phcnylacetic acid produces cither the d- or J-amino acid, according to 


NH 2 


Br 


(0C 6 H 6 CHCO 2 H + XH 3 


HjO or 
CjHjOII 


> (d)C 6 II 6 CHC0 2 II 


nii 2 

, CHaCN or I 

(/)C,H s CHCO s H 


whether the reaction is carried out in water, alcohol, acetonitrile, or 
liquid ammonia. 

(c) Nature of the Compound. Fischer 48 showed that the action of 
nitrosyl bromide on d-alanine produced ^rt-bromopropionic acid, whereas 
the ethyl ester of d-alanine with the same reagent gave the ethyl d-a- 
bromopropionate. The latter hydrolyzed to d-a-bromopropionic acid. 
f rhus, an inversion takes place in the ease of the free acid, but does not 
when the ester is used. The cycle of changes which relate the isomeric 
forms of alanine, a-bromopropionic acid, and their esters is summarized 
in the following scheme. 

XH 2 Nil* Br 

(d)CH 3 CHC0 2 C 2 lU (d) CH 3 CHC0 2 H (/)CH 3 CIIC0 2 H 

1 hci >*. 1 

I NOBr T NH, I NHj 

Br Br NH 2 

(rf)CHjCHC0 2 C 2 Hi h ° n > (d)CHiCHCOtH <— — (i)CJI 3 CIIC0 2 H 

(d) Temperature. Holmberg 49 determined the optical rotations of 
the xanthogcnsuccinic acid produced when the following reaction was 

S S 

BrCHC0 2 K |! || 

(l) | + KS— C— OCiIU -> C*H,OG— SCHCOaK 

CH 2 C0 2 K I 

CH 2 C0 2 K 

47 Senter and others, J . Ckem. Hoc., 107, 638 (1015); 109, 1091 (1910) ; 113, 140, 1M 
(1918) ; 125, 3137 (1924); 127, 1847 (1925). 

48 Fischer, Ber., 40, 489, 502, 1052 (1907) ; Fischer and Krhoeller, Ann,, 357, 11 (1907). 

49 Holmberg, Iier., 47, 107 (1914). 
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carried out at different temperatures. The rotations obtained were: 


Temperature 

0 ° 

12 

25 

40 


Specific Rotation 
+ 30 . 6 ° 

+ 8.3 
- 13.8 
- 40,1 


It is evident that, in this reaction, temperature is an important 
factor in determining whether or not a Walden inversion takes place. 

(e) Absolute Configuration. The prefixes d- and /- in the preceding 
and following discussion indicate the direction of rotation only and do 
not supply any information about the absolute configuration of the 
compounds. It should be clearly understood that a mere change in 
direction of rotation is not proof that an inversion has taken place. 
However, if an optically active compound is converted by means of 
selected reagents into the d- and /-forms of a new compound, or if a 
complete cycle of changes of a pair of optical isomers has been worked 
out, it is clear that an inversion must have taken place during one of the 
reactions. 

In order to establish the exact step in which an inversion has occurred 
it is desirable to have some absolute method of establishing the configura- 
tion of each molecule independent of the reaction or observed rotation. 
This problem has been attacked by Boys, 50 who has developed an equa- 
tion for calculating the magnitude of rotation as well as its direction for a 
simple molecule containing one asymmet ric carbon atom attached to 
four different simple groups. The equation is: 


1 16 . 62(?i 2 + 2) (a 2 5) • Ra ■ Rb ■ Rc • Rd • (1 4* F) (® — />) l 

1 (a - c)(a - d){b - c)(b - d)(c -_d) I 

L “ 1- X 2 J/(a + t + c + d) u 

where n — refractive index of medium in which rotation is measured. 
R A) R b , R c , and R D - refractivities of the groups A , B } C, and D 
as determined from Eisenlohr’s tables. 
a , b, c y d = radii of the groups in Angstrom units. 

F — a function of a, b, c, and d. 

\ = wavelength of light used. 

M = molecular weight. 

Thus, the specific rotation at a chosen wavelength is calculated from 
data on the radii of the four groups, molecular weight, and refractivities. 

50 Boys, Proc . Roy . Soc, (London), [A] 144 , 655, 675 (1934). 
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The values calculated for simple compounds are of the same order of 
magnitude as those observed. For example: 


CII 3 CTIOHC 2 II 5 

a D Calcd. 
9.3° 

mn Observed 

13.9 

CH-fCHNHsCsIIfi 

7.4 

7.4 

CIT 3 CIIC 2 II 5 

1 

4.0 

5.9 

1 

CIIsOII 



CII 3 CIIC 2 IT 5 

1 

3.6 

5.8 

1 

C 1 I 2 NH 2 




The relative radii of the groups A , B , C, and D can be used with this 
equation to establish a relationship between the direction of rotation and 
spatial distribution. The value of [a] will be positive when the differ- 
ence factors, i.e., (u — b), (a — c)* • • etc., in the above equation are posi- 
tive: this means that .1 > B > C > D. The rule stated by Boys is that 
a dexfro compound has a configuration such that, when the largest group 
is nearest the observer, the other groups are arranged in order of dimin- 
ishing size in a clockwise direction. 

Thus, in a molecule Caih d, if A is the largest group and B > C > D 
the dextro model would be that shown in Fig. 1, and the levo model would 
be that shown in Fig. 5. 



This empirical calculation of Boys has certain limitations but docs 
offer a start in establishing configurations by measurement of radii of 
groups and their refract ivities. It, has not Ijeon widely used, and further 
work is necessary to establish its validity. 

(f) Rotatory Dispersion. A second method for the correlation of 
structure aud optical activity consists in studying the rotatory dispersion 
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of large miml)ers of closely related compounds. This has been done by 
Kuhn, 51 Pickard and Kenyon, 52 and especially by Levene 53 and his eo- 
workers. Data have been obtained on a large number of compounds 
with the general formula: 



where x, and z = 0, 1, 2, 3, etc. 

IV = a functional group such as — OH, — X, — COOH, 
— NH 2 , —ON. 

A>" = CH 3j ^CW 7 , C c H 5 , CflH„. 

All the compounds studied possess only one asymmetric carbon atom, 
and their rotatory dispersion curves have been measured over a range 
sufficiently large to ix’miit an estimation of the partial rotations con- 
tributed by the groups attached to the asymmetric carbon atom. 

The optical rotation of the molecule as a whole is the algebraic sum 
of the partial rotations of each of the four substituents. Thus by 
synthesizing a considerable number of the members of each of the 
homologous series represented by the above general formula and analyz- 
ing the rotatory dispersion curves it has been possible to relate the con- 
figurations of these molecules with their direction of rotation. From the 
data on optical rotations of related compounds Marker 54 has suggested 
an empirical method for predicting the configuration of optically active 
compounds. 

(g) Mechanism. A third method for relating configuration with 
direction of rotation consists in obtaining some precise information con- 
cerning the mechanisms of reactions, particularly substitution reactions. 
During the past five years a considerable amount of fairly reliable 
information on certain of these points has been established. 

81 Kuhn and Bein, Z. physik. Chcm., B22, 400 (1933); lvuhn, ibid., B31, 23 (1930); 
Kuhn and Biller, ibid., B29, l (1935). 

62 Pickard and Kenyon, J. Chan. Hoc., 99, 45 (1911); 105, S30 (1914); Kenyon and 
Barnes, ibid., 125, 1395 (1924). 

53 Levene and co-workers, J. Biol. Chan. (1924-1936); Levene and ltothen, J. Org. 
Cham., 1, 76 (1937). See Gilman, ‘'Organic Chemistry,” John Wiley and Sons, New York 
0938), 1st Edition, Vol. II, p. 1S03 ff. 

“Marker. J. Am. Chcm. Soc.. 58. 976 (1936). 
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Various mechanisms have been advanced to explain how an inver- 
sion of configuration can take place in some reactions but not in others. 

1. According to the earlier investigators 55 complex addition com- 
pounds were produced. The position taken by a substituting group 
depended on the direction of the residual valencies of the asymmetric 
carbon atom and the nature of the displaced group. 

2. R ordain w has assumed that, after one of the radicals has been 
removed from the asymmetric carbon atom, the position taken by the 
entering group depends on the phase of oscillation of the three radicals 
remaining. The form which has the same configuration as the original 
is the one whose proportion increases as the concentration of the reagent 
increases. 

3. The possibility that (he replacement of a group involves a pre- 
liminary or incipient ionization process induced by the reagents or 
solvents has been considered by a number of workers. 57 The phenom- 
enon of the Walden inversion is very closely connected with the mech- 
anism of substitution reactions in general, and intensive investigations 
are now being carried out in order to establish the unimoleeular, bimolec- 
ular, or polymolecular character of solvolytic reactions which involve 
replacement. 58 Excellent reviews of this subject have been contributed 
by Watson 59 and by Hammett. 60 

4. An acceptable mechanism for the W alden inversion not only 
must show how the configuration of the asymmetric carbon atom is 
inverted but also must provide 1 a reasonable explanation as to V'iiij 
racemization is not the exclusive process. One of the best solutions of this 
enigma is the suggestion of G. X. Lewis 61 that a substitution reaction 
takes place by simultaneous addition of one group and nmioval of tins 
other. This idea has been elaborated by Olson, 6 ’ 2 who has made the 
suggestion, supported by experimental evidence,* 3 that a, one-step suh- 

“ Fischer, Ann., 381, 123 (1011) ; Werner, Ihr., 44. 873 (1011) ; I’foifTcr, .her.. 383, 123 
(1911) ; Liankhind, ./. Chem, S»c., 103, 713 (1013); Meisenheimer, Ann., 456, 120 (1027 . 

i6 Korda in, ('hint. Soc.. 2447 (1928) ; 1282 (1929) ; 2017 (1930) ; Level a; and Walli. 

J. Biol. Chem., 73, 203 (1927) ; Ijevcue and Jtothen, i/m/., 81, 359 (1929). 

57 Lowry, iJijiixieinr* Conseil dc Chimie Solvay, 1925, p. 174; Kenyon and Phillips 
Trans. Faraday Soc.. 26, 451 (1930) ; Infold it at., J. ('hem. Sue., 23(j (1935) ; ibid., 1199, 
1201, 1208, 1252 (1937). 

58 Stiegman and Hammett, J. Am. Chem. Soc., 59, 2530 (1937i ; Farinacei and Hanmictl. 
ibid., 59, 2542 (1937;; Olson and Halford, ibid., 59, 2044 (1937); Taylor, ,/. Chnn. Soc., 
1853 (1937) ; Bartlett, ./. Am. Chcm. Soc.. 61, 1030 (1939) ; Winstoin, ibid., 61, 1035 (1939»- 

69 Watson, Ann. lie id s. Chnn. Soc. (hondov), 35, 208 (1938). 

M Hammett, "Physical Organic: Chemistry," McGraw-Hill Book Co., New York (1940). 

ei Lewis, "Valence and the Structure of Atoms and Molecules," Chemical Catalog ( *>., 
New York (1923), p. 113. 

ts Olson, J. Chem. J'hys., 1, 418 (1933). 

S3 Olson and Long, J. Am. Chem. Soc., 56, 1294 (1934); Olson and Voge, ibid., 56, 1090 
(1934). 
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fititution reaction loads to inversion of configuration. As an example to 
illustrate this simultaneous or synchronous mechanism of substitution, 
one of the possible modes* of the action of hydrobromic acid on d- 
octanol-2 may be considered. 

The alcohol is shown in Fig. 6, in which the asymmetric carbon atom 
is represented by the tetrahedron. The alcohol probably forms the 
oxonium salt with the proton, and the bromide ion then approaches 
the face of the tetrahedron opposite to the apex at which the hydroxyl 
was attached, Fig. 7. This particular mode of approach is determined 



CeH ia 


Fia.8 

by the character of the hydroxyl group, and calculations fi2, 64 have shown 
that such orientation of the reactants constitutes a unique path for the 
entering group because this requires less energy than would be necessary 
for approach in any other direction. At the instant the bromide ion 
occupies the proper position for the formation of a new tetrahedron, the 
molecule of water is expelled and the kernel of the asymmetric carbon 
atom shifts its posilion, establishing the new tetrahedron as shown in 
Fig. 8. The molecule is turned inside out like an umbrella in a strong 
wind. A comparison of the model of Fig. 8 with that of Fig. 0 shows that 

* There are also other mechanisms for the reaction between alcohols and halogen adds ; 
see Hammett, Kef. IK). 

64 Pauling, ibid., 53, 1307 (1931) ; Sinter, rhys. Ret., 37, 481 (1931). 
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the bromine does not occupy the same position as the hydroxyl group 
and that an inversion in configuration has occurred. 

It is not necessary that the reagent be ionic. For example, the same 
mechanism applies to the conversion of rf-a-phenylethyl chloride (Fig. 9) 
by ammonia in a non-polar solvent via the oriented approach shown in 
Fig. 10, into the hydrochloride of Z-a-phenylethylaminc (Fig. 11). An 
inversion in configuration has thus taken place. 



Cdh 

Fig. 1 1 


If an optically active iodide such as Z-2-iodooetane is treated with 
sodium iodide in acetone? solution it is found that racemizalion takes 

CIIi CII 3 


II 

C 6 IIl 3 C«Hl3 

l d 

place. The iodide ion has reacted by approaching the face opposite! the 
iodo group to produce! d-2-iodobctane, and at equilibrium the racemic 
modification results. Ry using sodium iodide containing the radioaclivo 
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isotope of iodine the rate of exchange of halogen may be determined for 
the reaction. 

CH, CH 3 






I* — radioactive isotope 

Measurements of the intensities of radioactivity of the alkyl halide or 
sodium iodide arc made at definite time intervals. At the same time the 
velocity of raccmization is followed polarimetrically, and it was found 65 
that the rates of exchange and of racemization were equivalent within 
experimental error. Similar experiments oil a-phenylethyl bromide 66 
and a-bromopropionic acid 67 gave analogous results and established the 
fact that inversion occurs when a halide ion displaces another group 
which forms an anion. Mccr and Polanyi 68 have also contributed evi- 
dence on these anionic replacement reactions; they further point out that 
attack of a molecule by a cation would probably not lead to inversion 
although such reactions have not been thoroughly characterized as yet. 
Further proof of this rearward attack by anionic reagents has been 
obtained by a study of the compounds shown in Figs. 12, 13, 14, and 15. 

CH* CH* CH* CH 2 

/ CHj V / CH* \ 

/ ! \ * HONO / ' \ * 

H-C C C-NII* > H— C C C — OH 

\ z 7 \ 6 h, / 


CH* CH* 

Fig. 12 


Cl I * — ch 2 

Fig. 13 


N0C1 


CH* CH* CI1 2 — CH* 



Fig. H Fig. 15 

Ss Hughes, Juliusburgcr, Miiaternuin, Topley, and Weiss, ./. Chem. «S oc., 1525 (1935). 
66 Hughes, Juliusburgcr, Scott, Topley, and Weiss, ibid., 1173 (1936). 

57 Cowdrey, Hughes, Novell, and Wilson, ibid., 209 (193S). 

08 Meer ami Polanyi, Z. physik. Chcm., B19, 164 (1932) ; Polanyi, “Atomic Reactions,” 
tVillianis & Norgatc, Ltd., London (1932), p. 63. 
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The starred carbon atom in these molecules has the tetrahedral face 
opposite the functional group inside a cage of carbon atoms and hence is 
inaccessible to the approach of any reagent. Therefore, anionic replace- 
ment by the mechanism described above is impossible. It was actually 
found by Bartlett and Knox 69 that the tertiary alcohol apocamphanol-1 
(Fig. 13) was not oxidized by dichromatc, not dehydrated or rearranged 
by concentrated sulfuric acid, and could not be converted to the chloride 
(Fig. 14) by the action of phosphorus pcntachloride or thionyl chloride. 
The chlorine in 1-chloroapocamphane (Fig. 14), prepared by the action 
of nitrosyl chloride on the amine (Fig. 12), could not be removed by 
boiling alcoholic sodium ethoxidc or silver nitrate. The p-toluencsulfo- 
nate (Fig. 15) was unaffected by boiling with an acetone solution of 
lithium iodide. Thus, all attempts to replace the hydroxyl or chloro 
group by anionic reagents failed. It is inferred that the replacement 
reactions of the amino group by hydroxyl with nitrous acid, and by 
chlorine with nitrosyl chloride, must occur by mechanisms not involving 
the rearward anionic mechanism. Bartlett and Cohen 70 have also 
demonstrated that the bromine in the molecule represented by Fig. 16 
is quite inert whereas that in 9-bromo-9-methylfluorcnc (Fig. 17) is quite 
reactive. 




Fio. 16 Fm. 17 

The optically active esters of the sulfonic acids constitute a class of 
compounds especially suited for determining the effect of anion exchange 
on optical activity. Phillips, Kenyon, 71 and their co- workers, by treat- 
ment of an optically active ester of a sulfonic acid with ionic reagents 
such as potassium acetate, demonstrated that the sulfonate radical may 
be replaced by another anion. Ammonia and primary and secondary 

R R 

RSO a O:C:R'+ [CH 3 COO:] -K+ -> CH 3 COO:C:R' + [RS0 2 0:] K + 
H ii 

* 9 Bartlett and Knox, J. Am. Chem. Sue., 61, 3184 (1939) 

70 Bartlett and Cohen, if rid., 62, 1183 (1940). 

71 Phillips, J. Chem. Soc., 123, 44 (1923); Kenyon, Phillips, and Turley, if rid., 127, 399 
(1925); Phillips, ibid., 127, 2552 (1925); Kenyon and Phillips, ibid., 1070 (1930); Trans- 
Faraday Soc., 26, 451 (1930); Kenyon, Phillips, and Pittman, J. Chcm. Soc., 1072 (1935); 
Kenyon, Phillips, and Shutt, ifrid., 1G03 (1935). 
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amines were also found to react with such esters to produce optically 
active amines. Tertiary amines react with optically active alkyl sul- 
fonates to produce optically active quaternary ammonium salts. 72 Two 
examples are the following: 

T CH 3 1 + 



[«]“ = - 6 - 95 ° 


From the above, it will be noted that the deztro ester produces a 
dextro quaternary salt with trimethylamine, but a levo pyridinium salt. 
Also the levo ester yields /ere-trimethyl-2-octylammonium-p-bromoben- 
zenc sulfonate, but a dextro pyridinium salt. A Walden inversion prob- 
ably occurs during at least one of these reactions. The tertiary amine 
approaches the ester in an oriented position, such that the unshared 
pair of electrons at one apex is opposite that face of the asymmetric 
carbon atom which, in turn, is opposite the sulfonate group (Fig. 18). 



The kernel of the carbon atom shifts its position and a new tetrahe- 
dron is formed attached to the tetrahedron of the nitrogen atom, thus 
constituting the quaternary ammonium ion and simultaneously the 
sulfonate anion (Fig. 19). If the amine approaches the face indicated, 
then an inversion in configuration takes place. If, however, the amine 

72 Cary, Vitcha, and Shriner, J. Org. Chum., 1, 280 (193G). 
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approaches any of the other three faces, the sulfonate ion could be dis- 
placed without inversion. Since there is no independent means of 
establishing the configuration of these quaternary salts it is not possible 
to say whether a Walden inversion occurs in both cases. 

By using anionic exchange reactions which lead to inversion, in con- 
junction with reactions which do not cause inversion since the reagents 
do not react with a group directly attached to the asymmetric carbon 
atom, Kenyon and Phillips 73 have been able to establish configurational 
relationships of derivatives of octanol- 2 , a-benzylethyl alcohol , 74 
a-phenylcthyl alcohol , 75 ethyl lactate , 76 and ethyl 0-hydroxy-/3-phenyl- 
propionate . 77 The following scheme summarizes one of the general pro- 
cedures used in this work. 


R 


R 


, l CISO2C7H: , l 

R — C — OH — R' — C — 0 — SO 2 C 7 H 7 

I I 

H H 
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I 

H 
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CHjCO*- | K* 

R 


R' — C — H < 
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R'— C— H 
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OCOCHg 

l 

<*• 

Ac 2 0 

R 

I 

R'-'C- -H 


0— S0 2 C 7 II 7 

l 


Oil 

l 


I 

-> R'~ C— II 


I 

Cl 
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Studies on the mechanism of formation of esters from alcohols 78 have 
established beyond doubt that these reactions do not involve the carbon- 
oxygen link in the alcohol and hence such reactions cannot cause inver- 

73 Phillips, J. (’hem. Soc., 123, 44 (1923); Houssa, Kenyon, and Phillips, ibid., 1700 
(1929;. 

74 Phillips, ibid., 123, 44 (1923). 

78 Kenyon, Phillips, ami Taylor, ibid., 173 (1933). 

74 Kenyon, Phillips, and Turley, ibid., 127, 399 (1926). 

77 Kenyon, Phillips, and Shutt, ibid., 1003 (1936). 

78 Waters, “Physical Aspects of Organic Chemistry,’’ D. Van Nostrand Co., New York 
(1937;. 
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sion. Hence the d-acetate and the d-p-toluencsulfonate have the same 
configuration as the d-alcohol from which they are derived. Likewise 
the Z-alcohol, /-acetate, and Z-p-toluenesulfonatc are configurationally 
related. The action of potassium acetate on the p-tolucnesulfonates, 
however, involves an anionic exchange and therefore leads to inversion. 
Thus the acetate obtained by this method has the opposite con- 
figuration and opposite rotation from that obtained by direct esterifi- 
cation. 

If the chloride and acetate ions react with the ester in a similar 
fashion then an inversion also takes place when the d-p-tolucnesulfonate 
reacts with lithium chloride and therefore the /-chloride has a configura- 
tion opposite to that of the d-alcohol but the same as that of the Z-alcohol. 
Similar conclusions were drawn from observations on the replacement of 
the sulfinate group. 


R o R 0 

I ci-s-c 7 h 7 I t 
R' — C— OH — > R — C — 0 — S — C7II7 


H 


II 


(HO) -CIV 


d 

\ 

\ci 2 


R R 

I I 

R' — C — H + C7H7SO2CI R'-C— H + C7H7SO2CI 


OH 

l 


Cl 

I 


The sulfmic ester has the same configuration as the alcohol from 
which it is derived (at least as far as I he asymmetric carbon atom is 
concerned; no information concerning the asymmetric sulfur atom is 
available). The negative hydroxyl ion produces the /-alcohol, and chlo- 
rine the Z-chloride, and both of these arc anionic replacements and hence 
involve inversion. 

These investigations of Kenyon and Phillips, therefore, not only 
serve to establish relative configurations but also furnish further evidence 
for inversion in reactions involving anionic exchange. 

Once a series of relative configurations has been established, it is 
possible to use such compounds to establish the behavior of other re- 
agents. For example, phosphorus pentaehloride or trichloride converts 
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the d-alcohol into the ^-chloride. Since the above transformations 
indicate that the ^-chloride has the opposite configuration to the 
d-alcohol, it follows that these reagents cause inversion. 

A list of relative configurations was drawn up by Frankland 79 in 1913 
on the basis of a purely statistical survey of the reactions recorded in the 
literature on the behavior of various reagents. Recent work has con- 
firmed and added to the list. 

Cowdrey, Hughes, Ingold, Mastcrman, and Scott 80 have summarized 
the configurational relationships between certain groups of compounds. 
These relationships were established by studying the optical effect of 
substitution on an asymmetric carbon atom and paralleling these obser- 
vations by kinetic studies and correlating the results with the data 
obtained on the mechanism of substitution reactions in general. A 
summary of the configurationally related compounds follows: 

2-Octyl Derivatives: d-chloride, d-bromide, (/-alcohol, (/-ethyl ether, (/-acetate. 

a-Phenylethyl Derivatives: (/-chloride, (/-bromide, (/-alcohol, d-methyl ether, c/-amiiie. 

a-Substituted Propionic Acids: d-chloro, (/-bromo, c/-iodo, d-methoxy, i-hydroxv 
(/-lactic acid). 

a-Substituted 0-Phenyl propionic Acids: (/-eh loro, </-bromo, (/-hydroxy. 

a-Substituted Phenylacctic Acids: J-chloro, d-bromo, d-methoxy, d-hydroxy 
(d-mandelie acid). 

a-Substituted a- Phenyl propionic Acids: d-chloro, (/-hydroxy. 

0-Substituted n-Butyric Acids: d-chloro, d-hydroxy. 

0- Substituted 0 -Phenyl propionic Acids: d-chloro, (/-bromo, d-hydroxy. 

Substituted Succinic Acids: d-chloro, (/-bromo, d-iodo, d-malic, d-malulactonic. 

2-Butyl Derivatives: d-hydroxy, (/-chloride, (/-bromide, d-iodide, 

2-PerUyl Derivatives: d-hydroxy, d-iodide, d-chloride. 

a-Phenyl-n-Propyl Derivatives: d- hydroxy, d-chloride, d-hromide. 

a.a'-Disubstituted Succinic Esters: d-methyl tartrate, d-ethyl tartrate, d-methyl 
and d-ethyl chloromalate, d-ethyl bromomalate. 

2- iIexyl Derivatives: d-hydroxy, d-chloride. 

3- Nonyl Derivatives: d-hydroxy, d-chloride, d-bromidc, d-iodide. 

The reagents may also be classified along with the reactants into 
groups according to whether or not inversion is produced (see p. 279). 

In addition to the results involving anionic attack discussed in the 
foregoing pages, a second type obtaining its driving force from an attack 
by a cation may also lead to an inversion in configuration. This may 
be illustrated by the alkylation of benzene with d-butanol-2 in the 
presence of boron fluoride, 81 which yielded about 0.5 percent Z-2-phenyl- 
butane and 99.5 per cent of the (^-modification. 

79 Frankland, J. Chem. Sue., 103, 713 (1913). 

80 Cowdrey, Hughes, Ingold, Master man, and Scott, ibid., 1252 (1937). 

11 Price and Lund, J. Am. Chem. Soc 62, 3105 (1940); Burwcll and Archer, J . A»i. 
Chem. Sue., 64, 1032 (1942). 



OPTICAL ISOMERISM 


279 


I. Inversion of Configuration Occurs: 


Reagent 

Reactant 

PC1 3 

Octanol-2, a-phenylethyl alcohol, ethyl p-hydroxy-0-phenyl- 
propionate 

PCU + CsHsN 

a-Phenylethyl alcohol, ethyl 0-h y d roxy-/3-phen y 1 pr 0 pion ate 

POCI 3 

Octanol-2, a-phenylethyl alcohol 

POOL 

«-Phenylcthyl alcohol, methyl mandelate 

PCE or PBrs 

Octanol-2, a-phenylethyl alcohol, lactic acid, ethyl lactate, 
malic acid, inethyl malatc, mandelic add, methyl mandelate 

PCU + CiIUN 

Octanol-2, a-phenylethyl alcohol, ethyl lactate 

SOCb 

Octanol-2, lactic acid, ethyl lactate, malic acid, ethyl malate 

SOCI 2 d - CjIl&N 

Octanol-2, o-phcnylcthyl alcohol, ethyl lactate, ethyl mandelate 

1IC1 

Pentanol-2, octanol-2, a-phenylethyl alcohol, a-phenyl-ra-propyl 
alcohol 

IIBr 

Butanol-2, octanol-2, a-phenylethyl alcohol, a-phcnyl-n-propyl 
alcohol 

III 

Octanol-2 


II. Substitution with Ret 

ENT I ON OF CONFIGURATION: 

Reagent 

Reactant 


SOClo a-Phenylethyl alcohol, mandelic acid, methyl mandelate 


It has also been shown that an inversion of configuration takes place 
in certain complex compounds of cobalt 82 (p. 137) which have an octa- 
hedral configuration. Thus, treatment of an aqueous solution of the 
d'Cis complex ion of Fig. 20 with a solution of potassium carbonate 
produces the d-carbonato compound of Fig. 21. However, if the d- 
dichloro complex is ground with an excess of solid silver carbonate and a 
■small amount of water is added, the /-isomer, Fig. 22, is produced. This 
is converted to the Z-diehloro complex, Fig. 23, by alcoholic hydrochloric 
acid. 

The configurations of the complex ions were assigned as the result 
of rotatory dispersion studies, 83 and hence the inversion is represented as 
taking place in the conversion of the d-d i eh loro complex (Fig. 20) to the 

82 Bailar and Auten, ibid., 56. 774 (1934) ; Bailar, Jonolis, and Huffman, ibid.. 58, 2224 
(1936) ; Bailar, Haslarn, and Jones, ibid., 58, 2226 (1936) ; Werner and McCutchcon, Her., 
45 . 3284 (1912). 

83 Mathieu, Bull. sue, chim., [53 3, 47G (1936) ; ibid., [5] 4, 6S7 (1937). 
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/-carbonato complex (Fig. 22). It is not yet certain whether the mecha- 
nism suggested for inversions of the tetrahedral carbon atom may he 
applied to the octahedral elements. Careful consideration of the models 
of these complex cobalt compounds shows that the d-isomer may be 


H*N CII 2 

n 2 | ! 



cii 2 

CII 2 XIIi 



CII 2 

.CII 2 


Cl 



transformed to the /-isomer merely by exchanging the point of attach- 
ment of two groups— a structural change paralleling the d- and /-forms 
of the asymmetric carbon atom. Hence, it is possible that the configura- 
tions of these optically active cobalt complexes may be inverted by the 
proper oriented approach of the anion followed by establishment of a 
new optical configuration. Examination of the models of these com- 
pounds shows that this inversion does not necessitate the formation of a 
new octahedron. 
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In concluding this summary of investigations on the Walden inversion 
it must be emphasized that experimental conditions play a very impor- 
tant and determining role. Future investigations will serve to clarify 
many unsettled points on the mechanism of substitution reactions. 
Kinetic studies on the mechanism of substitution reactions are being 
made in an effort to provide a means of establishing the absolute con- 
figurations of optically active molecules. The results of these studies, 
together with the chemical information already at hand, will not only 
provide mechanisms for the Walden inversion with ionic and non-ionic 
reagents but will also markedly advance our knowledge of reaction 
mechanisms in general. 


PART V. POLARIMETRY 

Light. Until about 1900 the electromagnetic wave theory of light 
extensively developed by Maxwell was competent to give a satisfactory 
picture of the behavior of light and radiation phenomena in general. 
This theory was extremely useful in correlating and predicting exactly 
almost all the known facts concerning the interference, polarization, 
refraction, and reflection phenomena exhibited by light. However, 
starting about 1900, and extending up to the present time, a number of 
experimental observations on radiant energy have made it apparent that 
the classical wave theory would have to be modified. 

For example, Planck and Einstein have shown that when light reacts 
with matter it docs so as if it were composed of discrete particles known 
as corpuscles or photons. These photons possess an amount of energy 
equal to hv ( h = a universal constant = 6.55 X 10 27 erg sec. and v — 
frequency), travel with the speed of light (c = 3 X 10 10 cm. per sec.), 
and possess a momentum equal to kv/c g.cm. per sec. This concept of 
the nature of light is necessary to explain photoeffects, black-body radi- 
ation, emission of line spectra, the Compton effect of x-rays, and the 
Raman effect. 

It is of interest to point out that experiments have been performed in 
recent years which show that material particles behave, under certain 
conditions, as though they were a wave train. Davisson and Germer, and 
G. P. Thomson, have shown that a stream of electrons exhibits the 
phenomena of interference, diffraction, and refraction just as do ordinary 
light waves. By a study of diffraction patterns the “wavelength” of 
the electrons has been found to be* = h/p ( h = Planck’s constant and p 
is the momentum). This equation had been deduced previously by 
de Broglie, and a number of experiments have now shown that atoms as 
well as electrons apparently possess the properties associated with waves. 
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This interesting duality between waves and corpuscles has caused a 
revision of the classical mechanics and led to the development of the 
new wave mechanics — or quantum mechanics. 

Thus, both light and material particles seem to possess a dual nature. 
As far as light is concerned, although it may be composed of discrete 
units of energy and although the exact path of any one of these photons 
cannot be predicted with certainty, nevertheless the paths followed o/i 
the average by a large number of them, as in a beam of light, may be 
predicted by the laws governing waves. It is, therefore, still a wave 
theory which predicts and describes exactly the refraction and polariza- 
tion effects exhibited by light rays, and this viewpoint will be used in the 
following discussion. 

Ordinary white light may be regarded as a mixture of waves of differ- 
ent- lengths, the resultant vibrations being at right angles to the direction 
of propagation and the trains of waves making up a beam of light having 
different planes of vibration. Rv proper choice of the light source or the 
use of suitable filters, light waves of a single wavelength may be ob- 
tained. Such light is calk'd monochromatic. 

Plane-Polarized Light. The weaves in a beam of monochromatic 
light vibrate at random. A cross section of such n beam traveling 
perpendicular to the paper is shown in Fig. 1, which indicates that many 



planes of vibration are present. For example, AGE , EOF, COO, DOIf 
represent projections of various waves on the paper. By reflection 
or refraction it is possible to sift out the component vibrating in a 
single plane. Thus, if the above beam of light is passed through a 
polarizer which transmits vibrations only along the X 'OX-axis, the 
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entire wave represented by AOE cannot pass through, but only the hori- 
zontal component represented by OK and OK' will emerge. Similarly, 
for the wave BOF, the horizontal component OL and OV will pass 
through the polarizer. The light emerging from such a polarizer will, 
therefore, vibrate along X'OX and is said to be plane polarized. 

The common method lor obtaining plane- polarized light consists in 
passing the beam of light through a polarizer called a Nicol prism. This 
prism is made of caleite, a crystalline form of calcium carbonate, which 
possesses the power of causing double refraction. That is, an ordinary 
ray of light entering this calcite crystal is broken into two rays, one of 
which obeys the usual laws of refraction and is called the ordinary ray . 
The other ray, which is not refracted normally, is called the extraor- 
dinary ray. The light in each of these rays is found to be plane polar- 
ized, and the planes of polarization of the two rays are perpendicular to 
each other. 

The Nicol prism is a device for rejecting one of these rays and trans- 
mitting the other. It is constructed by cutting a crystal of calcite 
diagonally and symmetrically through its obtuse comers, polishing the 
cut faces, and cementing them together again with a film of Canada 
balsam or linseed oil. The faces of the rhombohedron are polished so that 
the acute angle is 68°. A cross section through such a prism is shown in 
Fig. 2. The ray of light entering the prism at (A) is broken up into the 


C 



Fic. 2 


ordinary ray ( AB ) and the extraordinary ray {AD). The cement be- 
tween the two halves has a refractive index slightly less than that of 
calcite for the ordinary ray. The angles at which the prism is cut are 
adjusted so that the ordinary ray is completely reflected at the junction 
of the two halves of the Nicol prism while the extraordinary ray passes 
on through and is plane-polarized light. 

Another device for polarizing light consists of a sheet of transparent 
material such as cellulose acetate in which arc embedded large numbers 
of very small birefringent cr} r stals. These crystals must be uniformly 
oriented optically so that the film behaves like a very thin single bire- 
fringent crystal, 1 The compounds used arc: double salts of the alkaloids 

1 See Freundlicli, Chemistry dr Industry, 60S (1937), for a review of this subject. 
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such as quinine or cinchonine with sulfuric acid, hydriodic acid, and 
iodine; potassium nitrate; potassium dichromate; urea; or complex 
cobalt salts. 1 The practical development of these films was made by 
E. H. Land, 2 and the films are known as “Polaroid films.” The films 
may be protected by lamination between two thin sheets of glass. The 
films absorb a considerable percentage (30 to 50 per cent) of light, lmt 
the transmitted light is said to be 98-99 per cent plane polarized in the 
range 5000 to 7000 A. The Polaroid films have the advantage of furnish- 
ing much larger apertures than Nicol prisms. Polarimcters have recently 
been made using these Polaroid films. 

The Polarimeter. The rotatory power w’hich compounds exert on 
plane-polarized light is determined by means of an instrument called the 
polarimeter. A diagrammatic sketch of the essential working parts of 
the Lippich half-shadow polarimeter is shown in Fig. 3. 
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Since the rotatory power exerted by a substance varies with the 
wavelength, a monochromatic source of light ( S ) is essential. The most 
satisfactory sources are: 

1. The yellow sodium light produced by heating sodium salts to a 
high temperature or an electrically operated sodium-vapor lamp. Those 
sources are often used alone, but a light filter (F) is necessary to get 
monochromatic light corresponding to the sodium 1) line (X = 5893 A). 

2. The green mercury light produced by a mercury arc with suitable 
filters at F (X = 5461 A). 

3. Light of other wavelengths may also be obtained from suitable 
helium, lithium, or cadmium lamps. 

The monochromatic light is converted into a parallel beam by th L ' 
lens (L) and enters the polarizing Nicol prism (Pi). The emergent 
plane-polarized light next meets a small Nicol prism (//) which covers 
half the field and is placed at a slight angle (1 to 4°) to the first Nicol 

2 E. H. Land, Brit, pats., 412,179 (1034) ; 423,874 (1935) ; 433,455 (1935); U* V'^ ' 
1,951,664 (1934)1,955,923 (1934); 1,989,371 (1935); 2,041,138 (1935) ; 2,123,901 1.193 s ' : 
2,123,902 (1938) ; 2,165,973 (1939) ; 2,105,974 (1939). 
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(Pj). This small Nicol prism creates a difference in intensity of light in 
the two halves of the beam and is often called the half-shadow Nicol 
prism. The difference in intensity is due to the fact that, the light which 
emerges from this prism represents only that component of the original 
ray vibrating in the direction of transmission of the half-shadow Nicol. 
The beam next passes through the substance, whose optical properties 
are being studied, placed in the tube TT. The extent of rotation of the 
plane of the polarized light by the compound is determined by the 
analyzing Nicol prism Po which is mounted in a framework with scale 
B : B graduated in degrees and which may be rotated about the axis until 
the two halves of the field are of equal intensity. The lenses in the eye- 
piece, E, are used to secure a sharp focus on the line dividing the two 
fields. Verniers on the scales are used to obtain accurate readings. 
Rotations are determined by noting the difference in the readings 
obtained when the tube TT is empty and when filled with the compound. 

The results arc expressed as follows: 

For pure compounds, 



where [a]f is the specific rotation at the temperature T, for light, with 
the wavelength X. The value a is the degrees of rotation observed in 
a tube l decimeters in length for a pure compound whose density is d. 

For compounds in solution , 

r , r 100a r nr 100a 

■A V = , or !a! x = — 

u - x l-g-d he 

where g is the grants of solute per 100 g. solution of density d, and c is 
the grams of solute per 100 ec. of solution. 

Molecular rotations are calculated by multiplying the specific rotation 
bv the molecular weight. 

[VK-Ml-u 

Since those molecular rotations are likely to be large numbers, one 
one-hundredth of this value is sometimes given. The specific rotation is 
dependent upon and varies with (1) the nature of the compound, (2) the 
nature of the solvent, (3) the wavelength of light, and (4) the tempera- 
ture. 

Circularly Polarized Light. Plane-polarized light is the type of 
polarized light which has boon most widely used in the stud} of optical 
isomerism. However, some interesting and fundamental data have 
been secured by means of circularly polarized light. 

The nature of circularly polarized light may be understood best by 
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resolving it into its components. Figure 4 shows two waves of plane- 
polarized light traveling in (lie same direction whose planes of vibration 



Fin. 4 


are at right angles to each other. The waves also have a one-quarter- 
wavelength (90°) phase difference and equal amplitudes. 

The resultant of these waves, obtained by adding veetorially the 
displacements at all points along OF, is circularly polarized light repre- 
sented by the spiral in the photograph, Fig. 5. In the illustration the 



Fig. 5 
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circularly polarized light is leva since, to an observer stationed at Y with 
the light coining to his eye, the spiral proceeds in a counterclockwise 
direction. By making the phase difference 90° in the opposite direction 
dextro circularly polarized light is produced. If the phase difference is 
not 90° or if the amplitudes are unequal elliptically polarized light results. 

Circularly polarized light is produced by passing plane-polarized 
light through a glass prism known as Fresnel's rhomb. This glass prism 
( ni) = 1.504) has its faces cut and polished so that the acute angle (A) 
is 54°. 

A cross section of such a prism is shown in Fig. 6. 



A beam of light normal to the face will be totally reflected at B and 
again at C. At each reflection with the angle of incidence equal to 54° 
and an index of refraction of 1.504, a phase difference of one-eighth of a 
period is introduced between the vibrations in and at right angles to the 
plane of incidence. Hence, if the incident light is plane polarized at an 
angle of 45° to the plane of incidence (which is the plane of the paper in 
Fig. G), a total phase difference of one-fourth of a period (90°) is intro- 
duced and the emergent light is circularly polarized. If the phase differ- 
ence is not 90° or if the amplitudes of the two components are different 
the resultant light will be elliptically polarized. 

A second method of producing circularly polarized light consists in 
passing monochromatic plane-polarized light through a thin crystalline 
plate which is doubly refracting. Very thin sheets of mica or selenite 
may be used or polished plates of quartz. These thin plates resolve the 
incident vibrations into two components at right angles to each other 
[cf. Fig. 4) which traverse the plate with different velocities and emerge 
with a phase difference dependent on the thickness of the plate. The 
thickness of the plate should be such as to retard one of the waves 90 or 
a quarter of a wavelength in order that the emergent light should be 
circularly polarized. It is evident that the wavelength of the light used 
determines the thickness of the plate. 

Studies with Circularly Polarized Light. In attempting to secure 
more precise information concerning the effects which asymmetric 
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molecules exert upon light it has been found desirable to study the 
effects of circularly polarized light and elliptically polarized light. 
A correlation of the studies on rotatory dispersion (p. 268) and the 
absorption spectra has shown that abnormal rotatory dispersions are 
observed in the immediate vicinity of the specific absorption bands. 
Moreover, it was found that the beam of light emerging from an optically 
active substance was not plane polarized but elliptically polarized, pro- 
vided that the wavelength of the light used was within certain of the 
absorption bands. Next, the absorption of dextro - or levo-circularhj 
polarized light was studied, and it was found that the absorption by an 
optically active molecule is dependent on the wavelength of the circularly 
polarized light. If the circularly polarized light possessed a wavelength 
in the neighborhood of the characteristic absorption bands of groups con- 
cerned with the optical activity of the molecule, then the beams of dextro- 
and Zci'O-eircularly polarized light were absorbed to a different extent. 
At all other wavelengths the coefficients of absorption were equal. This 
phenomenon is known as circular dichroism or the “Cotton effect,” since 
Cotton in 1896 demonstrated that alkaline solutions of copper d-tartratc 
and /-tartrate absorbed dextro - and /cro-circularly polarized light to dif- 
ferent extents. 

The differences which d- and /-asymmetric molecules exhibit toward 
d- and /-circularly polarized light has been used as a basis for an explana- 
tion of the mechanism by which optically active substances rotate the 
plane of polarized light. According to Fresnel, the beam of plane-polar- 
ized light is split into two circularly polarized beams of light with oppo- 
site rotations. If the compound is optically inactive these two spirals 
travel with the same velocity and upon emerging recombine with a re- 
sultant which is plane-polarized light. 

Thus, in Fig. 7, the dotted circle represents the projection of the two 
circularly polarized components on the XZ-plancs, the beams of light 
traveling perpendicular to the paper. At the end of a certain time, the 
right circularly polarized light reaches the point Pn, and the levo beam of 
light reaches the point P L . If the two beams travel at the same rate, 
then the arc PP D = PP L and the resultant beam is the plane-polarized 
component along OX. 1 1, is evident that all the resultants will lie on the 
axis XOX' as long as the velocities of the d- and /-circularly polarized 
beams are equal. 

If, however, the plane-polarized light passes through an optically active 
compound then the? velocities of the d- ami /-circularly polarized light arc 
different. Suppose that the d-circularly polarized light travels faster 
than the /-beam; then, as shown in Fig. 8, after a certain time the d-ray 
will have reached the point Po, and the /-beam will travel only as far as 
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Pi. The resultant of these two circularly polarized beams is found 
by completing the parallelogram of forces, and the resultant is OQ, which 
represents the plane in which the polarized light is now vibrating. It is 
evident that the plane of vibration of the emerging light differs by the 
angle 6 from the plane of the incident light. Fresnel confirmed experi- 
mentally the correctness of his explanation by means of a triple quartz 




Fig. 8 


prism. Cornu and von Lang later confirmed it using a single quartz 
prism and finally Fleischl established this explanation for optically 
active solutions. 

Exactly how the optically active molecule resolves the plane-polar- 
ized light into these two circularly polarized beams and why it slows 
down one of them is not definitely established. It is known that only 
the valence electrons have any effect on light, and apparently the unsym- 
metrical distribution of the positive charges in an asymmetric molecule 
induces electronic vibrations which exhibit the selective action on the 
vector directions of the light photons constituting the d- and Z-circularly 
polarized light. 

A study of the absorptive powers of various groups for d- and l- 
circularly polarized light has shown that those groups having absorption 
bands nearest the visible are the most effective in causing a high specific 
rotation. Hence, if only one group attached to the asymmetric carbon 
atom absorbs circularly polarized light near the visible region, the stereo- 
chemical position of this group will determine the direction in which the 
plane of polarized light is rotated. If more than one group has absorption 
bands near the visible, then it is necessary to calculate the effect of each 
group. A study of these phenomena appears to offer a means of inde- 
pendently correlating the configurations of related compounds and thus 
of establishing whether or not a Walden inversion takes place. 



290 


ORGANIC CHEMISTRY 


The relationships which have been developed between the various 
factors have been summarized by Landolt in 1906 and more recently by 
Lowry (1935), whose excellent monograph should be consulted. Refer- 
ences to the work of the investigators mentioned above will be found in 
the books cited below. 


GENERAL REFERENCES 

Wood, ‘‘Physical Optics,'’ Macmillan, New York (1034). 

Landolt, “The Optical Rotating Power," translated by Ixjng, Chem. Pub. Co., 
Easton, Pennsylvania (1902). 

Lowry, "Optical Rotatory Power,” Longmans, Green and Co., London (193ft). 
Ritchie, "Asymmetric Synthesis and Asymmetric Induction,” Oxford University 
Press, London (1933). 

Factors Influencing Optical Rotation 

Examination of formulas (1) and (2), developed by Riot for calculat- 
ing the specific rotation of optically active compounds, shows that certain 

(1) Pure Compounds (2) Solutions 

r a r nr 190a 100a 

[o] *“fS [ “ L T-g^l-c 

conditions must be established experimentally. Hence, it is evident that 
the magnitude and direction of the specific rotation are dependent upon 
and vary with temperature, wavelength of the light, concentration, ami 
nature of the solvent, since these factors appear in the above equations. 
Extensive investigations have been carried out in order to analyze the 
results obtained by variations in these factors. Landolt 3 in 1902, and 
Lowry 4 in 1935, summarized the data which had been accumulated, 
and these books contain complete information on this subject. In the 
following discussion, a few specific examples have been chosen from a 
large mass of data in order to illustrate the effect of variations in the 
factors mentioned above. 

Temperature. The specific rotation of a compound may either 
increase or decrease with a rise in temperature. For example, Krecke 5 
found that the specific rotation of d~{ artaric acid increased with a rise in 
temperature (Table I). 

3 Landolt, "The Optical Rotating Power,” translated by Long, Chem. Pub. Co., 
Easton, Pennsylvania (1902). 

4 Lowry, "Optical Rotatory Power,” Longmans, Green and Co., London (1935). 

6 Krecke, Arch, near land.. 7, 97 (1872). 
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TABLE I 




Tartaric Acid 

Temperature 

Concentration of Aqueous Solutions 


10% 

20% 40% 

0° 

9.95° 

8.66° 5.45° 

100 

23.79 

21.48 17.50 


On the other hand, Gomez 6 observed a slight decrease in the rota- 
tion of turpentine (impure Z-pincno) as the temperature was increased 
(Table II). 

TABLE II 

Temperature Md (Turpentine) 

11° —36.53° 

08 -36.04 

154 — 35.81 

168 (vapor) —35.49 

Pictet 7 found that the specific rotation of methyl d-tartratc in- 
creased from +2.14° at 20° C. to +6.00° at 100° C., whereas Cook 8 
showed that the direction of rotation of aspartic acid could be inverted 
by a rise in temperature (Table III). 

TABLE III 

Temperature Md (Aspartic Acid) 

20° +4.36° 

75 0.00 

90 —1>86 

A similar inversion in the specific rotation of malic acid 9 occurs at 
certain concentrations as the temperature is increased. 

No general statements can be made relating the specific rotation with 
temperature change. Each compound must be studied, and the change 
in rotation with temperature expressed graphically or by an equation 
which is limited in its application to that particular substance. The 
temperature effect, is intimately connected with the phenomena of dis- 
sociation, association, and solvation which are discussed later. 

Wavelength of Light. In 1853 Biot pointed out that the magnitude 
of the rotation of plane-polarized light depended on the wavelength of 
the light, and was approximately inversely proportional to the square of 

°Gernez, Compt. rend., 58, 1108 (1864). 

* Pictet,, Arch. Gcnhe, [3] 7, 82 (1SS2). 

8 Cook, Ber., 30, 294 (1897). 

9 Thomsen, Ber., 15, 441 (1882). 
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the wavelength. This change of rotation with change of wavelength of 
the light was called rotator y dispersion . If this dispersion follows the 
simple equation: 


M r = 


Aq 

X 2 -V 


where [a] r = specific rotation, A 0 = constant for compound, X and 
Xo = characteristic wavelengths, then [a] increases regularly with 
decreasing values of X over the portion of the spectrum considered, the 
dispersion curve is an hyperbola, and the rotatory dispersion is said to be 
normal. If the dispersion docs not follow this simple equation, but 
requires a complex expression of the type 


M T 


A Q_ , _Ai 

i 2 ' 


X 2 — Xo 2 X 2 — Xo 2 


-I*.--- 


Xo 2 


then the dispersion is abnormal or complex. 

The study of the absorption of light by organic compounds has led to 
the discovery of the fact that compounds possess characteristic absorp- 
tion bands. Such absorption spectra (p. 1774) have been correlated with 
the structure of the molecule, and it has been fairly well established 
that each of the bands is intimately dependent upon the presence of 
definite groups in the molecule. In an optically active compound, certain 
of these bands seem to be directly connected with the groups concerned 
with optical rotatory power of the molecule. Hence, the specific rota- 
tion of a compound changes markedly if the measurements are made with 
light of a wavelength which corresponds to one of these absorption 
bands. As a specific example, the results obtained by IV. Kuhn and 
Gore 10 on a solution of d-camphor in hexane are shown in Fig. 9. 

The molecular rotation curve, A , undergoes abrupt changes as the 
region represented by the absorption curve, B, is approached and passed. 
At wavelengths of light remote from the absorption curve, very little 
change occurs in the optical rotation as the wavelength is changed. 

If the absorption bands occur in the visible range, as with colored 
compounds, difficulty is often experienced in determining the optical 
rotation. It is then necessary to determine the specific rotation at 
different wavelengths. With colorless compounds, satisfactory results 
are obtained by using a monochromatic source of light— usually the 
sodium D line. The wavelength of the light used must always be speci- 
fied. The importance of this factor has been emphasized by Karrcr dur- 
ing a study of the configurational relationships between the naturally 
occurring a-amino acids, a-halogen acids, and a-hydruxy acids. Table 

10 Kuhn and Gore, Z. physik. Chtm., 12B, 392 (1931). 
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IV contains some of the rot atory dispersion data obtained by Karrer and 
Kaase, 11 which demonstrate the wide variation in rotation by change in 
wavelength of light and, in one instance, the change in the rotation of a 
compound from levo to dextro. 



Pig. 9. Rotatory Dispersion of d-Camphor in Ilexane. 
A — molecular rotation; B ~ absorption. 


Solutions. The specific rotatory power of an optically active solute 
dissolved in a solvent is dependent upon the following factors: 

1. Nature of solute. 

2. Nature of solvent. 

3. Concentration. 

4. Dissociation. 

5. Association. 

All these factors are interdependent and must be considered together 
in discussing the specific rotation of any particular solution of a com- 
pound. 

In 1873, Landolt 12 studied the rotations of the lithium, sodium, 
potassium, and ammonium salts of -tartaric acid and found that the 
molecular rotations of these salts approached the same value as the solu- 
tion was made more and more dilute. A few years later, 1876, Oude- 
mans 13 found that dilute solutions of salts of quinine with different 
acids gave constant molecular rotations. Hadrich, 14 in 1893, also 
studied the effect of dilution and pointed out the relationship between 
the optical rotatory power of ionogens with the electrolytic dissociation 

11 Karrer and Kaase, licit. Chim . Acta, 2, 430 (1919). 

11 Landolt, Her., 6, 1077 (1873). 

13 Oudemans, Ann., 182, 52 (1876). 

14 Hadrich, Z. physik . Chcm., 12, 470 (1893). 
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theory of Arrhenius which had been proposed in the meantime (1887). 
Thus, a dilute solution of a salt of an optically active acid owes its 
rotation entirely to the optically active anion, whereas, in more concen- 

R*COOM (R*COO) _ + M+ (M = metal) 

t rated solutions, both the undissociated salt and the anion affect the 
plane of polarized light. Similarly, the dissociation of a salt of an opti- 
cally active base (B*) 

B*HC1 <-* (B*H)+ + C1“ 

produces the optically active cation, and when dissociation is complete, 
only the cation is optically active and the anion is without appreciable 
effect. 

The molecular rotation of a salt of an optically active base with an 
optically active acid also reaches a constant value in dilute solutions, and 
this value is the algebraic sum of the rotations of the cation plus anion. 
For example, the dissociation of such a salt takes place as follows: 

(JB*H)++ (rfA*)- 

In dilute solution, Mu — M d cation + 3 /d anion. 

As a specific example, the average value of the molecular rotation of 
morphine a-bromoeamphor-Tr-sulfonatc in dilute aqueous solution was 
found to be equal to '-100°. Dilute aqueous solutions of morphine 
hydrochloride gave an average value of —37.1° for the morphine cation 
and dilute aqueous solutions of a-bromocamphor-T-sulfonic acid gave 
an average molecular rotation of — |— 27 1 0 for the anion. Hence, the rota- 
tion of the salt should be —371° + 271° = —100°, which checks the 
actual observed value. 

From the above discussion it is evident that the specific rotation of a 
solute, which is capable of ionization when dissolved in an ionizing 
solvent, is dependent upon the degree of dissociation, which in turn 
varies with the concentration and, it may also be added, with the 
temperature. 

The factor of association of molecules of the solute also influences the 
specific rotation although the data on this point are rather meager. 
Different specific rotations are observed for an optically active liquid 
depending on whether the rotation is determined on the pure liquid, on a 
solution of the liquid, or on the vapor of the compound. For example, 
the [«]d for pure methyl d-lartratc 13 was found to be +2.1 , whereas 
a benzene solution gave a value of —8.8°. Cryoscopic determinations 
showed a molecular weight of 411 in benzene, whereas the calculated 
value is 17S. 

15 1'reumllflr, .■!««, rhim. phys., [7] 4, 25G (1S95). 
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Structure. The attempts which have been made to correlate the 
degree of optical activity with the structure of the molecule have not 
led to the discovery of any definite relationships. A study of the 
Z-menthyl esters of monosubstituted acetic acids has shown that there 
is no regularity in the change of molecular rotation with change in 
polarity of the substituents . 16 Some of the data arc given in Table V. 

TABLE V 

Z-Menthyl Esteks ok Substituted Acetic Acids 



XCH2CO2C10H 19(0 



Dipole Moment 


Z-Meuthyl Ester 

X - 

n X 10 18 

k of acid 

[MI'S 

n(cii 3 : 

h +1.4 

1.3 X 10" in (?) 

-150.9 

H 



1.8 X 10" 5 

-157.3 

ch 3 

+0 4 

1.4 x ur 5 

-100.2 

COoII 

“0.9 

100 X 10" 5 

-100.2 

OCoII 5 

— 

23 X 10 5 

-100.0 

OCII 3 

-1.2 

33 X 10- 5 

— 105 

on 

-1.7 

15 X 10 ” 5 

-105 (at 94° C) 

Br 

-1.5 

138 X 10 5 

-109 

Cl 

-15 

155 X 10" 5 

-171 

cx 

-3.8 

370 X 10“ 5 

-174 

When 

the polar group is 

in closer proximity 

to the asymmet 


center than in the compounds just described, the variation of molecular 
rotation is greater. A series of products formed by the condensation of 
aromatic aldehydes with d-phonvl oxynaphthyl metlivlamine showed in 
general a decrease of molecular rotation with increase of the ionization 
constants of the acids corresponding to the aldehydes. 

The molecular rotations of several homologous series of compounds 
have been determined. Pickard and Kenyon 17 prepared the series of 
alcohols shown in Table VI and the series of esters shown in Table ^ 11. 

TABLE VI 

ok CH»CHOIIR(n) axi> C,H & CIIOITl?(n) 

[■'/)?" 

Methylethylcarbinol 10.30 

Methyl-ft-propylcvirhinnl 12 10 

Methyl-n-butylrurbinol 1180 

Methyl-n-iimylcarbinol 12(H) 

Methyl-7t-hexylearbinol 12,70 

Methyl-a-hcptylftirhinol 12.90 

Methyl-re-orrtylcurbinol 13 70 

Methyl-ri-nonyli:;irbinol 14.00 

Methyl-n-dwylcarbinol 14,50 

Methyl-rt-iindecylcarbinol . ... 14.40 

18 Rule, Tranx. Faraday S</c., 26, 325 (1930). 

17 Pickard and Kenyon, J. Chem. .S 99, 49 (1911) ; 103, 1923 (1911) ; 105, H.'iO ( l'-O 4) - 




Kthyl-n-propylcarbinol 2.01 

Kthyl-n-lmtylcarbiuol 0 43 

EthyUn-amylrarbinol 10-09 

Kthyl-n-hexylcarbino! 10 ()3 

Ethyl-n-hcptylcarbinol ...... 10.53 

Ethyl-n-octylcarbinol 10.74 

Ethyl-n-nonylcarbiuol 1 1 09 

Ethyl-n-tlceylcarbinol 12. 14 

Ethyl-n-undecylcarbinol t2.50 
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The data on the alcohols (Table VI) indicate merely that the molec- 
ular rotation of the molecule gradually increases with the length of the 
alkyl group and that the increment becomes smaller. On the other 
hand, the molecular rotations of the optically active aliphatic esters 
(Table YI1) appear to approach limiting values with increase in the 
length either of the acyl group or of the alkyl group. 

It is obvious from such results as have been given that no deductions 
concerning the molecular rotation of a molecule can be drawn from a 
knowledge of its structure. 

Concentration. The optical rotation of a compound in solution 
varies with the concentration, since the degree of dissociation or associa- 
tion is dependent, on the concentration. Undoubtedly solvation also 
plays an important role, and this factor is related to concentration. 

Solvent. The solvent itself also profoundly influences the rotation 
observed. Pribram 18 determined the rotations of 5 per cent solutions 
of d-tartaric acid in a variety of solvents, some of the results being shown 
in Table VIII. 

TABLE VIII 

Optical Rotation op (/-Tartaric Acid in Different Solvents 


Solvent 

r izu 
Nl> 

Water 

+ 14.40' 

Ethanol 

+3.79 

Ethanol 4* benzene (1:1) 

-4.11 

Ethanol + toluene (1:1) 

-0.19 

Ethanol + chlorobenzene (1:1) 

-8.09 


It is clear from the data in Table VIII, and also from numerous other 
studies, that the solvent influences not only the magnitude but also the 
direction of rotation. Hence, it is necessary to specify the solvent when 
speaking of a certain optical isomer as lieing the d-isomer or 7-isomer. 

It should be mentioned that no change in configuration is involved in 
the phenomena under discussion; i.e., it is exactly the same optical form 
which rotates polarized light to the right in one solvent, and to the left in 
another solvent; to the, right at one concentration and to the* left at 
another; to the right at one temperature and to the left at a different 
temperature. 

During the past ten years a systematic study of the relationship be- 
tween the solvent and optical rotatory power of a compound has been 
undertaken by II. G. Pule and his co-workers 19 in order to gain more 

18 Pribram, /* t., 22, 6 (18H9;. 

is Rule ami co-workers, ./. Cfom. So c., 074, 2052 (1931) ; 14(10, 1409, 2332 (1932) ; 370, 
1217 (1933; ; McLean, ibid., 351 (1934). 
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precise information concerning the change in optical rotatory power 
caused by solvents. These investigations were carried out on com- 
pounds and solvents so chosen that the factors of ionization and associa- 
tion of solute molecules were excluded. 

The optical rotation of methyl J-menthyl naphthalatc in a large num- 
ber of solvents was determined. It was found that the dipole moment of 
the solvent furnished a physical property which enabled correlations to 
be made, provided that the polar solvenls were classified according to the 
parent hydrocarbon from which they were derived. The non-polar 
solvents constituted a separate class. Four series of solvents were ob- 
tained in which the optical rotation varied sympathetically with the 
dipole moment. Some of the data arc shown in Table IX, the upper 
half of which represents the polar solvents which may be regarded as 
derived from methane. 

TABLE IX 


Variation in Optical Rotation 


^OOaCHa 


,)COAoIIi 9 


with the Dipole 


Polar 

Solvents 


Non-polar 

Solvents 


Moments of 

the Solvents 



Dipole Moment 

[M) 1°481 

Solvent 

X io 18 

CH*NOi 

3.8 

—219° 

CII 3 CN 

3.2 

-239 

CIIaCHO 

2.7 

-316 

CII 3 I 

1.3 

—336 

Cl 1 3 OH (associated) 1 . 6 

-383 

CS 2 

0 

-437 

CC1 4 

0 

-563 

C&II 12 

0 

-651 

CoIIu 

0 

-653 

C 7 H 16 

0 

-653 


Examination of the data in Table IX shows that the molecular rota- 
tion increases as the dipole moment of the solvent decreases. Three 
similar series of solvents derived from ethane, benzene, and naphthalene 
were also studied. The results demonstrate that there is little or no 
regularity when solvents of one series are compared with those of another. 
Hence, the most favorable conditions for the observation of legularities 
are obtained when all the solvents are derived from the same parent 
hydrocarbon. 

The solvents which have no dipole moment give the largest molecular 
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rotations. There is, however, a large variation in the solvents with no 
dipole moment. Such compounds fall into two classes. 

(а) Compounds with No Permanent Dipoles. The paraffin hydro- 
carbons are examples of such molecules. Consideration of the data in 
Table IX shows that a maximum and constant molecular rotation of 
the ester is observed in pentane, hexane, and heptane. It seems reason- 
able to believe that in these solvents there is a minimum of association 
between solute and solvent. 

(б) Compounds with Neutralized Dipoles. Carbon disulfide and 
carbon tetrachloride are molecules in which the electric moments are 
opposed to each other, and hence are non-polar with reference to a uni- 
form external field. However, such a molecule may exert a definite 
force on a point charge or dipole in its immediate neighborhood. If the 
solute possesses a dipole, then association with the solvent may occur. 

-)- + 

S=C==S + R — C=0 -> S=C=S 

OR* R — C===0 

i 

OR* 

Such association would tend to decrease the rotatory power, since it 
would decrease the polarity of the solute. The magnitude of the rota- 
tion of a solute has been experimentally demonstrated to depend upon 
the polarity of the groups in the solute located near the asymmetric 
carbon atom. It is an association of this type which is advanced to ex- 
plain the fact that methyl f-rnenthyl naphthalate possesses a molecular 
rotation of only —437° in carbon disulfide as a solvent, but a rotation of 
— 653° in the paraffin hydrocarbons. 

The extent of this association between solute and solvent will depend 
not only on the magnitude of the dipole moments of lx>th, but also on 
the steric effects which influence the closeness of association of solvent 
and solute, and arc dependent upon the individual structure, of each. An 
illustration of the way in which steric effects may dominate the results to 
be expected from the dipole moments is demonstrated by using the 
isomeric butyl chlorides as solvents. The data for the rotation of methyl 
Z-menthyl naphthalate are given in Table X. 

ter£-Butyl chloride has the largest dipole moment, and should produce 
the lowest rotation of the ester. However, it actually loads to the highest 
rotation because of the steric or screening effect of the three methyl 
groups on the carbon-chlorine dipole. The n-butyl chloride shows Ihc 
minimum, and the isobutyl chloride an intermediate rotation of ihc 
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ester, since the former has the minimum and the latter an intermediate 
steric effect. 

TABLE X 



Dipole 

[^35461 

Solvent 

Moment 

M X 10 18 

CH S CH 2 CH 2 CH 2 C1 

ch 3 

1.90 

-450° 

| 

CHjCHCH 2 C1 

CH, 

1.90 

-464 

CHx-d-Cl 

1 

CHa 

2.14 

-511 


Finally, Rule and his students have obtained results which indicate 
that the dipoles in substituted benzene derivatives may act independ- 
ently in associating with the optically active solute. Table XI shows 
some of the data obtained on methyl £-mcnthyl naphthalatc when dis- 
solved in various aromatic compounds as solvents. 




TABLE XI 



Dipole 

Moment 



Solvents 

x to' 8 


A — IMiuenjeivo ■ 

OeHfi 

0 

-543° 


CoIUCl + Cells 

1.52 

-501 

42' 

o-Cel^Clo + C 6 II 6 

2.25 

-470 

73 

P-C 6 II 4 CI 2 + C 6 II 6 

0 

—463 

80 

CellsNOa + C 6 H 6 

3.9 

-52 7 

J6 

m-C 8 IT 4 (N02) 2 + C 6 H 6 

3.7 

-510 

33 

p-C 6 IT 4 (N0 2 ) 2 + Celle 

0 

-508 

35 


Careful examination of the data in Table XI shows that when the 
disubsti tuted benzenes arc used as solvents the drop in rotation (A) 
of the ester is nearly double that observed when a monosubstituted 
benzene is used as the solvent in place of benzene. 

In general, it now appears that association between solute and solvent 
is one of the important factors influencing optical rotatory power, and 
that the dipole moments or neutralized dipoles of the solvent are factors 
in determining the degree of association. 

Recent investigations have shown that rotations of optically active 
compounds in hydrogen-containing solvents differ from those observed 
in the corresponding deuterium solvents. I he magnitude of the change 
in specific rotation is not great (usually less than one degree). A review 
of these studies has been contributed by Buchanan . 20 

Jl) Buchanan, Chemistry &, Industry , 748 (1938), 
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Deutero Compounds. The replacement of hydrogen by deuterium in 
an optically active compound causes a slight change in the optical 
rotatory power. For example, Erlenmeyer and Bitterlin 21 prepared the 
two compounds shown in Figs. 10 and 11 and found that the deutero 
compound had a slightly lower specific rotation in aqueous solution. 


C0 2 Na C0 2 Na 



C0 2 NH 4 CO 2 NH 4 


a D =31.5° aD=32.8° 

Fig. 10 Fig. 11 

Molecules in which the sole cause of asymmetry is the replacement 
of hydrogen by deuterium have been studied in order to determine 
whether optical activity is possible. The structures shown in Fig. 12 are 


r' R' 



Fig. 12 


certainly asymmetric according to definition, but the differences in 
optical rotatory power of the d- and /-forms may be exceedingly small. 
Up to the present, time all compounds of this type have been found to be 
inactive or to have given such small observed rotations as to be indecisive. 

Mention may be made of several ingenious attacks on this problem. 
Studies on a-pcntadeuterophenylbenzylaminc (Fig. 13) have shown 
that it could not be resolved, 22 , 23 contrary to earlier reports. 24 McGrow 

C 6 D b 

I 

C«II 6 — C— Nils 

I 

H 

Fig. 13 

21 Erlenmeyer and Bitterlin, Helv, Chim . Acta, 23, 207 (1940). 

22 Adams and Tarbell, J. Am. ('hem. Soc., 60, 1260 (1938). 

23 Clemo, Raper, and Robson, J. Chum. .Sue., 431 (1939). 

24 Cleino and MeQuiHen, ibid., 808 (1936). 
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and Adams “resolved l-pcntyn-3-ol (Fig. 14) and reduced it catalytically 
with deuterium to the tetradeutero compound of Fig. 15 which was found 
t o be optically inactive. 

II II 

I d 2 I 

C2H5— C— fedl — -> C2II5— C- CD2CHD2 

I Pt I 

OH OH 

Fig. 14 Fig. 15 

Coppock, Kenyon, and Partridge 28 prepared the p-phenylphenyl- 
urelhanof J-phenylvinylcarbinol (Fig. 16) and reduced it with deuterium 
hoping to obtain diastereoisomers of Fig. 17, but no separation could be 

p-C 6H fiCell 4 N H C0 2 — C11C«1 1 6 -> p-C ell &C 6 H 4 N 1IC 0 2 C HC 6H 5 

I 1 

CH CHD 

II I 

CH 2 CHiD 

Fig. 16 Fig. 17 

effected. In another experiment the Z-phenylvinylcarbinol was reduced 
with deuterium and the 3,5-dinit robenzoate fractionally crystallized. 
Hydrolysis to the alcohol and oxidation produced an inactive ketone. 

Reduction of isopropylidene-d-glyceraldehyde (Fig. 18) produced 
the optically active compound of Fig. 19 which upon hydrolysis produced 
an optically inactive deuteroglyeerol 27 (Fig. 20) . 


CHO 

D 

1 

D 

| 

CH— O x 

CII— OD 

CTIOH 

| >C(CII 3 ) 2 - 

"*■ 1 

- 1 

CH*— (K 

CII Ov 

CHOH 


1 >C(CH 3 ) 2 

1 


CH*— (K 

ch 2 oh 

Fig. 18 

Fig. 19 

Fig. 20 


The two substituted allyl alcohols shown in Figs. 21 and 22 were 
dehydrated with d-camphor-10-sulfonic acid in an effort to obtain the 
optically active allene of Fig. 23, but the products showed no optical 
activity. 23 

55 McGrew and Adams, J. Am. Ckem . Soc., 59, 1497 (1937). 

28 Coppock, Kenyon, and Partridge, J. Chan , Soc. t 1069 (1938). 

27 Erlenmeyer, Fischer, and Baer, licit. Chim. Acta, 20, 1012 (1937). 
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C e H s ^ 

/CfiHB 

CslI^ yC 6 H 6 

C=CH- 

-C 

-»«<>, C=C=C 

Cich/ 

q^jC 6 D B 

CioH/ \c,D 6 

Fig. 21 


-H 2 0/* Fig. 23 

c 6 h 6 ^ 

/Cl Hi 

/ 

c—cn- 

-C 


C.D,/ 

ot'CiqIIt 



Fig. 22 

Configurational Notation 


Notations have been introduced to indicate configurational relation- 
ships which arc independent of the numerical value or sign of the specific 
rotation and denote the relative position which the groups about the 
asymmetric carbon atom possess. 

According to one notation suggested by the Committee on Carbo- 
hydrate Nomenclature of the American Chemical Society, dextro- 
glycerose is chosen as the standard reference substance and denoted as 
D-glyeerose and all compounds having the same configuration shall 
belong to the D-configurational series. Those having the opposite con- 
figuration shall belong to the Tj-series. Capital letters are used to denote 
configurations. When the Fischer projectional straight-chain formula of 
a compound belonging to the D-serics is written vertically with carbon 
number one at the top, then the — OH (or other substituent such as OR, 
OAc, NH 2 ) of the terminal asymmetric carbon atom shall be placed to 
the right of the chain. If the formula is written horizontally it shall lie 
below the chain when carbon number one is to the right. A second 
notation uses the lower-case letters d- and l- to denote configuration, 


and plus (-{-) and minus (— ) signs to show the rotation 
formulas illustrate these notations: 

. * The following 

i 

CIIO 

i 

cii 2 oh 

1 



2 1 

H— C— OH 

1 

1 

CO 

CHO 


3 ! 

HO— C— H 

j 

HO— C— H 

IIO- C- — II 

I 


II— C— OH 

| 

H— C— OH 

1 

1 

II C— OH 

CHO 

H— C— OH 

i 

II— C— Oil 

1 

H C- OH 

1 

H— C---OH 

1 

6 ch 2 oh 

D-GIucobc, 
d(+) glucose 

CHaOII 

D -Fructose, 

— ) fructose 

CII 2 OII 

D-Arabinose, 
d( — ) arabinoee 

1 

CII 2 OII 

D-Glycerose. 
d( -( ) glyr-erose 


* Care must be exercised in using Ihis notation, since many articles in the chemical 
literature use d- and l- indiscriminately for rotation or configuration. The Fischer cm:- 
vention is summarized by Hudson, J. Chem. Ed., 18, 353 (1941). 
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co 2 h 

co 2 h 

1 

C0 2 II 

[ 

H— C— OH 

1 

1 

II— c— nh 2 

1 

3 

1 

“O " 

J, 

1 

CII 3 

CII 3 

Cells 

D-T.actic acid, 

D-Alanine, 

D-Mandelic acid. 

d( — ) lactic acid 

d( — ) alanine 

d( — ) mandelic acid 


The mirror images of these compounds belong to the L-series, re- 
gardless of their rotations. The investigations of Clough, 28 Karr or, 2 9 
Levene, 30 Frcudcnberg, 31 and others have shown that all the a-amino 
acids obtained from proteins belong to the L-series, although the specific 
rotations of some of these are actually dezlro. 

Mutarotation 

It has been observed experimentally that the rotatory power of a 
freshly prepared solution of certain optically active substances is not 
constant, but gradually changes, finally reaching a constant value (not 
zero) by reason of the establishment of an equilibrium. This change in 
rotatory power is termed mutarotation* Correlation of this phenomenon 
with the structure of the compounds which exhibit such behavior has 
shown that in each ease a configurational or structural change has oc- 
curred. 

Configurational Changes. Tanret 32 found that two fonns of D-glucose 
could be obtained. Freshly prepared solutions of one form, a-glucose, 
possessed a rotation of +110°, and the second form, /3-glucose, a rota- 
tion of -f 17.5°. On standing, the rotations of both solutions changed 
and finally reached a constant value of -f 52.5°. The essential changes 
involved, without consideration of the mechanism, are due primarily to 
an equilibrium between the forms shown in Figs. 24 and 25. 

The proof of these structures is given in the chapter on carbohydrates 
(p. 1555), but the point to be noted here is that the mutarotation is 
caused by a change in the configuration of the groups attached to 
carbon atom number one (marked *). In general, it has been found that 
all reducing sugars and many of their derivatives exhibit mutarotation. 

The alkaloidal salts of certain substituted biphenyls exhibit mutarota- 
tion, which is due to the conversion of one form of the salt into an equi- 

28 Clough, J. Chan. Soc., 113, 526 (191S). 

29 Karrcr, Hdv. Chim, Acta, 6, 957 (1923). 

30 Levene, sec Gilman, “Organic Chemistry,” John Wiley &. Sons, New York (193S), 
First Edition, Vol. II, Chapter 21. 

31 Ereudenberg and co-workera, Bar., 56, 193 (1923) ; 57, 1547 (1924) ; 58, 1753 (1925) ; 
€0, 2447 (1927); 61, 1083 (1928). 

* The terms multirotation and birotation liavtf also been used, 

32 Tanret, Campt. rend., 120, 1000 (1S95). 
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CH 2 OH 

I 

C 0 

II /I \ H 

1/ H \ / 

C C* 

|\ OH H / \ 
HO \| |/ OH 

c — c 
I I 

H Oil 
Fig. 24 

a-D -Clu copyranosc 

wS. + 110 ° 


CH 2 OH 
C 0 

H / 1 \ OH 

1 / H \ / 

p p * 

l\ OH H / \ 

HO \| 1/ II 

C C 

I I 

H OH 

Fig. 25 

0-D-C1 Kino py ran oa e 
[a] 2 *, + 17.5" 


Equilibrium mixture, [a] y, -}- 52.5° 
(34% «, 06% (S) 


librium mixture of this salt with its diastereoisomer. This is illustrated 
by Figs. 26 and 27. 



Fig. 2G 

<Morm 


Fig. 27 

Morni 


(II Base)'*' 


The change in rotation results from the turning of one phenyl group 
through 180° about the pivot bond. It occurs in biphenyls whose ortfio 
groups are small (see Part. VIII). This represents a configurational 
change in the biphenyl part of the molecule; the alkaloidal part is 
unaffected. 

A spontaneous change in configuration at one center of asymmetry 
(with no changes at any other centers of asymmetry) leads to mutarota- 
tion and formation of an equilibrium mixture of two dia stereoisomers, 
which are usually (but not necessarily) present in unequal amounts. 

Structural Changes. Aqueous solutions of the lactones of certain 
of the sugar acids also mutarotate. Figures 28, 29, and 30 show the 
equilibrium between the lactones of gluconic acid . 33 

The mutarotalion is due to a structural change which results from 
the opening of the 7 - (Fig. 30) or <5- (Fig. 28) lactone rings by hydrolysis to 
gluconic acid (Fig. 29). The groups attached to the asymmetric carbon 

33 Nef, Ann., 403, 204 (1014); Haworth and otherB, J. Chcm. Soc., 89, 1899 (1920); 
90, 1237, 2430 (1927). 
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atoms, numbered 2, 3, 4, and 5, in each of the three molecules are differ- 
ent, and hence the optical rotatory power changes as one of the three 
molecules is converted into the equilibrium mixture. No configurational 
shift occurs about the asymmetric carbon atoms. 


CH a 0H 

CIIaOH 

C 5 — 0 

j 

0— OH 

II /I \ 

II /| 

1/ H \ 

1/ H 

C 4 C 1 — 0 

«-* C 

1 \ OH H / 

|\ OH H 

HO \ 1/ 

C a — C 2 

1 1 

HO \| |/ 

c— c 

■ 1 

H OH 

j 1 

H OH 

Fig. 28 

Fig. 29 


CH 2 OH 

I 

II— O-OII , 


\ 


c c=o 

i \ OH H / 

H 

k OH 
Fig. 30 


1 ,5-Oluconolflctnne 

[«lg . +63.5° 


Gluconic acid 
Wn. “13° 


Equilibrium mixture, [a|p|. +6.2® 


1,4-GluconoIactone 
[al£“, +67.8® 


Another example in which a reaction causes mutarotation is found 
in the primary amine salts of d-camphor-10-sulfonic acid. 34 In an- 
hydrous solvents an equilibrium is set up between the salt, ketimine, 
and water, as shown by Figs. 31 and 32. 

The salt ^ ketimine reaction modifies the groups about the asym- 
metric carbon atoms (*), but no configurational change is involved. The 
possibility of such a transformation must Ik; kept in mind when d- 
camphor-10-sulfonic acid is used as a resolving agent. 


CH 2 S0 2 0-(C 6 ll5NH 3 )-< 


CHuSOaOH 


ch 2 


- 0=0 


CHa — c- 


-C=N — CeHs 


l 

CH3 — C — CH3 


1 

CH 3 — C — CII 3 

I* 


1* 


+H 2 0 


CII 2 


-CII 2 


CH- 
Fig. 31 


Aniline f/-ramplior- 
10-aulfonate 

wS . + 37 - 50 


CH 2 — CII- 
Fig. 32 

Mixture 
n]g, +10.7® 


-CII 2 


2(N-PhenylketimiinO- 
10-camplianeaulfonic acid 

[a]f v -170.5° 


Mutarotation, duo to structural change, is associated with molecules 
in which the groups about the asymmetric center arc readily modified by 
the solvent or by some reaction which takes place easily in solution. 

The rate of mutarotation, whether due to configurational or structural 
changes, is dependent upon temperature, solvent, and catalysts. All 
examples of mutarotation that are known take place in solution. 

M Schreiber and Shriner, J. Am. Chcm. Soc., 57, 130(5, 144a, 1896 (1935). 
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Asymmetric Synthesis 

The laboratory synthesis of asymmetric molecules, using ordinary 
chemical reactions and conditions, invariably produces the racemic modi' 
fications. On the other hand, most of the asymmetric molecules occur- 
ring in plants and animals are found as either the dexiro or levo isomer. 
The problem of synthesizing optically active molecules, without recourse 
to resolution methods, has consequently intrigued organic chemists. 

Emil Fischer, 35 in 1894, discussed this problem, and Marckwald, 35 
in 1904, outlined in more precise terms the synthesis of optically active 
compounds. Marckwald defined “asymmetric syntheses” as those proc- 
esses which produce optically active compounds from symmetrically 
constituted molecules by the intermediate use of optically active re- 
agents, but without the use of any of the methods of resolution. This is 
the ordinary interpretation of the term “asymmetric synthesis” as 
employed today. 

Many examples of asymmetric syntheses are known. An optically 
active mandelic acid was obtained by McKenzie 37 by the following series 
of reactions: CHs 
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The reduction of the J-menthyl ester of bcnzoylformic acid produces 
the two diastcrcoisomcric esters of mandclie acid in unequal amounts, 
and acetylation and hydrolysis result in a mandelic acid which contains 
an excess of the levo form. Thus, bcnzoylformic acid, which has no asym- 
metry and contains no asymmetric carbon atoms, is converted into 
mandelic acid, which does have an asymmetric carbon atom and is opti- 
cally active. The nascent hydrogen may add to the ketone carbonyl 
group in two ways and at different rates because of the asymmetry of 
the molecule due to the presence of the 1-menthyl group. In a similar 
manner, the pyruvates of 2 -menthol, 2 -borneol, and /-amyl alcohol yield 
optically active lactic acids 38 by reduction and hydrolysis. 

CH 3 COCO 2 R* -> CH 3 CH0HC0 2 R* -> CH 3 CHOHCO 2 H 

where R* is an optically active group. 

Treatment of optically active esters of a-ketonic acids with the 
Grignard reagent, followed by hydrolysis, also produces optically active 
hydroxy acids. The general reactions are as follows: 

0 0 OMgX 

II II R'MgX I 

R— C— COjH -► R — C — COsR* — > R— C— COoR* 

(Optically I 

inactive) pj/ 

on 
I 

R— C — CO 2 II + R*OII 

I 

R' 

(Optically 
active) 


McKenzie and his eo-workers 39 investigated some thirty examples of 
the above type, in which a variety of groups was used. Some of the 
groups were: 

R = C«H 5 -; MCHaOCeIR-; CII 3 — ; «-CioHt~- 
(Opt. act.) R* - 2-menthyl; Z-bomyl; d- and 1-2-octyl 
R' = CH 3 — ; CoH 5 -; n- C 3 H 7 — ; {S0-C3H7-; C4H9-; C«H 6 - 

In each case, asymmetric syntheses are effected, and the resulting 
hydroxy acids contain an excess of one of the optical isomers. 

33 McKenzie, ibid., 87, 1373 (1905); McKenzie und Wren, ibid., 89, GS8 (1900); 
McKenzie and Mailer, ibid., 95, 544 (1909). 

3S McKenzie and co-workers, ibid., 85, 1249 (1904); 95, 544 (1909); Diochem. Z,, 237, 
1 (1931) ; 250, 376 (1932) ; 231, 412 (1931). 
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An interesting asymmetric synthesis was reported by Marckwald, 49 
who prepared the acid brucine salt of ethylmethylmalonic acid, Fig. 33. 
This solid salt was then heated to 170°, thereby eliminating carbon 
dioxide from the molecule and forming the brucine salt of ethylmethyl- 
acetic acid, Fig. 35. Removal of the brucine gave a Zeyo-rotatory ethyl- 
methylacctic acid, Fig. 36, which was found to contain 55 per cent of the 
Z-form and 45 per cent of the d-isomer. 


CHjk yCO.ll Cllsx /C0 2 H 

>e< + c 23 h 20 o 4 n 2 V< 

C 2 ll/ x C0 2 Ii C 2 h/ x C0 2 C 23 H 27 04N: 


Fig. 33 



Fig. 34 


CIIjv /II 

>< 

c,n/ x co 2 h 


CII No/ n 

Ciir/ Ns co 2 c S8 ii 2 ,o 4 N( 


Fig. 30 


Fig. 35 


The process thus starts with the malonic acid, Fig. 33, which is sym- 
metrical, and ends with the ethylmethylacetic acid, Fig. 36, ivhich con- 
tains an asymmetric carbon, and which is optically active. No resolu- 
tion is involved, since equimolecular amounts of the malonic acid and 
brucine are used, and the solvent is evaporated completely in producing 
the brucine salt. 

Eisenlohr and Meier 41 have demonstrated that the acid brucine 
salts decompose at the same rate and suggest that during the evaporation 
of the solvent unequal amounts of the diastereoisomeric acid brucine 
salts (Fig. 34) arc produced so that the solid material contains an excess 
of one diastereoisomer. Decarboxylation then produces an excess of one 
isomer of ethylmethylacetic acid. 

In practically all cases, the active products obtained by asymmetric 
syntheses are not optically pure. The amount of one isomer usually 
exceeds that of the other isomer by not more than a few per cent. This 
has been demonstrated in most instances by independent synthesis of the 
pure d- and Z-forms, and observation of their maximum optical rotation. 

Bredig 42 and his collaborators studied the addition of hydrogen 
cyanide to benzaldehyde. In the presence of d-quinidine, an optically 
active mandelonitrilc was produced which hydrolyzed to a dextro man- 

40 Marckwald, Bcr ., 37, 349 (1904); Tijniatra By,, Her., 38, 2105 (1905); Erlenmeyer, 
Biochem. Z 64, 360 0914). 

41 Eiaenlohr and Meier, Ber., 71, 1005 (1938). 

42 Bredig and Fiske, Biuchem. Z., 46, 7 (1912); Bredig and Minaeff, ibid., 249, 241 
(1932). 
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di'lic acid. In the presence of Z-quinine, the same reactions produced a 
le.vo rnandelic acid. 


CeHsCHOHCN 

HCN / le ™ 

/ Quinidlnc 


CfillfiCIIO 


X^HCN 

Quinine 

CeH^CHOIICN 

dextro 


C 6 H 5 CH0HC0 2 II 

54.30J dextro 

45.7 Vo lew 


C 6 H 5 CIIOIICO 2 H 

48.5% dextro 
51 . 5 % Iwo 


Five other aldehydes were shown to behave similarly, and the 
results parallel in a striking manner the asymmetric synthesis of opti- 
cally active cyanohydrins from aldehydes and hydrogen cyanide in the 
presence of the enzyme, emulsin , 43 from almonds. Thus, d-mandclo- 
nitrile is obtained from bcnzaldehydc and hydrogen cyanide in large ex- 
cess over J-mandelonitrile, since hydrolysis gives J-mandelic acid, which is 
optically pure after only two crystallizations. 

Many additional asymmetric syntheses have been effected by en- 
zymes. Some of these are listed below in order to give an idea of the 
scope of the studies. 


QH 5 CH=CHC0 2 H + H 2 0 -> (?) C«IIsCIICII 2 C0 2 H 

(Dakin) 


OH 


CHCCbll 



. 1 Fiimarase CH.CO.H 


HOsCCII + h 3 o — 

— -> (i) 1 

(Dakin) 


CHOIIC02H 


CHCO.H 

Aopartase CHXH-COdI 


II + NH. 

1 (0 1 

(Sumiki) 

HOsCCII 

(W) CHaCOall 


CHaCOCOoH — > 

((/) ch 3 chxii,co,h 

(Embden) 

CcHjCOCHj 

(0 CJIoCHOHCHg 

(Xeuberg) 

TT „ Reductase 

C0H5COCO2H > (/) c 6 h 5 chohco 2 h 

(Rosenthaler) 


43 Rosenthaler, ibid., 14, 238 (1908); 17, 257 (1909); 19, 186 (1909); 26, 1, 7 (1910); 
Ferment forschung. 5, 334 (1921) ; Arch. Pharm ., 249, 510 ( 1911 ). 

44 Dakin, J. Biol. Chem ., 52, 183 (1922). 

46 Sumiki, Bull. Jap, Hoc. Ferment., 23, 33 (1928). 

40 Einbden and Schmitz, Biochrm. Z., 29, 423 (1910) ; 38, 393 (1912). 

47 Neuberg and Lewite, ibid., 91, 257 (1918) ; Neuberg and Nord, Ber., 62, 2237, 2248 
(1919). 

48 Rosenthaler, Z. Un ter such. Nahr. u. Genmsm., 20, 448 (1910). 
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C&rbolkase 

CHaCHO + C«H s CHO — > (/) C 6 H s CHOHCOCH 3 (Neuberg) « 

Ketoaldcliydemutaaea 

CH 3 COCHO + H 2 0 > (d) or (/) CH 3 CH0HC0 2 H 

(Neuberg) 50 


A comparison of the optical purity of the products of these enzymatic 
asymmetric syntheses with the previously cited asymmetric syntheses, 
using optically active reagents of known structure, shows that in the 
enzymatic reactions one optical antipode is often produced in great 
excess over its isomer and sometimes approaches 100 per cent optical 
purity. 

Enzymes are complex organic compounds which arc known to be 
optically active. The asymmetric synthesis effected by means of 
enzymes probably involves a combination of the substrate with the 
enzyme to produce an asymmetric molecule, which then undergoes 
selective hydration, reduction, or animation. Since the reaction is so 
one-sided, however, it is not certain that exactly the same mechanism is 
involved in enzymatic asymmetric syntheses as in the simple reactions 
studied by Marekwald and McKenzie. 

The asymmetric syntheses brought about by enzymes are important 
because they offer a possible explanation for the continual production of 
optically active compounds in plants and animals. It should be noted, 
however, that none of these asymmetric syntheses offers an explanation 
of the origin of optically active compounds. The original optically 
active compound or enzyme necessary for these asymmetric syntheses is 
still to be accounted for. 

Considerable interest has been manifested in a phenomenon termed 
asymmetric induction, which has been defined by Kortum 61 as the action 
of a force, arising in an optically active molecule, which influences 
adjacent symmetrical molecules in such a way that they become asym- 
metric. Two types are generally distinguished, intramolecular and inter- 
molecular, depending on whether the systems involved are in the same 
or different molecules. At the present time, the evidence supporting the 
idea of asymmetric induction is not at all conclusive. An excellent 
review of the subject has been contributed by Kitchie. 52 

An absolute asymmetric synthesis would consist in the preparation of an 
optically active molecule without using at any stage of the synthesis an 

48 Neuberg and Hirsch, Biochem. Z ,, 115 , 282 (1921); Neuberg and Olile, ibid., 128 , 
G10 (1922). 

Neuberg, ilnd., 49, 502 (1913) ; 61 , 484 (1913). 

61 Kortiim, Samml. chem. chem.-tech. Vortr&Rc, 10 (1932). 

62 Ilitchie, “Asymmetric Synthesis and Asymmetric Induction," Oxford University 
Press, London (1933). 
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optically active reagent, and without using any of the methods of resolu- 
tion. In order to induce the formation of an excess of one enantiomorph, 
the effect of various physical agents on the reactants has been studied. 
The only agent which has yielded interesting results is circularly polar- 
ized light (p. 285). 

Cotton 53 attempted to effect an asymmetric decomposition by ir- 
radiating the alkaline copper dZ-tartrate with dextro- and Zero-circularly 
polarized light, but no excess of one form resulted. This has been shown 
by Byk to be due to the fact that photochemical reductions can be 
effected only by the ultra-violet components of sunlight, whereas the 
alkaline tartrates exhibit circular dichroism only at the red end of the 
spectrum. 

Numerous other attempts to effect selective decomposition of race- 
mates were unsuccessful. In 1929, however, Kuhn and Braun 54 ob- 
tained a faintly active product by the photochemical decomposition of 
CH3CHCO2C2II5 with dextro - and Zew-circularly polarized light of 

Br 

wavelength X = 2800, which corresponds to one of the absorption 
bands of this compound. The rotation, however, was very small, only 
±0.05°. In 1930, more conclusive results 56 were obtained by the de- 
composition of a-azidopropionic dimcthylamidc, CH 3 CHCON(CH 3 ) 2 . 



N=N 


This molecule has a specific absorption band at X — 2900, which is due to 
the azido group. The d- and Z-forms of this amide exhibited circular 
dichroism at this wavelength. The dl ~ amide was irradiated with dextro- 
circularly polarized light, and the product was distinctly dext re-rotatory 
(+0.78°). Irradiation with Zcyo-cireularly polarized light gave a levo- 
rotatory product (-1.04°). Hence, it seems to be possible to effect an 
asymmetric decomposition by means of d- and /-circularly polarized 
light, although the products of the decomposition were not isolated or 
identified. Calculations also showed that only one molecule of the 
amide was decomposed per quantum of light absorbed. Mitchell S6 has 
also effected a similar asymmetric photochemical decomposition of 
humulene nitrosite, CT 5 H 24 N 2 O 3 , by d- and /-circularly polarized red 
light. 

The rate at which certain sugars undergo mutarotation has been 

53 Cotton, Ann. chim. phys., [7] 8, 347 (1890). 

M Kuhn and Braun, Nalurwisse nsehaften, 17, 227 (1929). 

w Kuhn and Knopf, ibid., 18, 183 (1930) ; Z. phy&ik. Chan., 7B, 292 (1930). 

36 Mitchell, J. Chem. Soc., 1829 (1930). 
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shown by Souty 57 to be different for d- and /-circularly polarized light 
of wavelength 5461 A. No difference in the rates was observed for 
light of other wavelengths. 

The asymmetric formation of compounds has been studied by several 
investigators, most of whom obtained negative results. However, 
Karagunis and Drikos 58 obtained optically active compounds by the 
addition of chlorine to triarylmethyl radicals when the reactants were 
illuminated by circularly polarized light. For example, the following 
reaction was carried out under the influence of both d- and /-circularly 
polarized light at two wavelengths, A = 4350 and 5890. At the (aid of 
about one hour, a maximum rotation of +0.08° was obtained for the d~ 


C 6 1U 

2CtHftC«ll 4 — C — + Cl* 

i 

CioII, 


Culls 

I 

2C 6 mc 6 u 4 — c— ci 
I 

C10H7 


circularly polarized light, and —0.08° for the /-circularly polarized 
light. After the reaction had gone to completion, the product was in- 
active. The (//-chloride and the free radical itself were unaffected by 
either form of circularly polarized light. 

Davis and Heggie 5 ‘ J have treated 2,4,0,-triiiitrostilbene (Fig. 37) 
with bromine under the influence of (/-circularly polarized light of 
wavelength 3600-4500 A. The trinit rostilbenc possesses an absorption 
band in the ultra-violet region, and the bromine exhibits a strong absorp- 
tion for light of the wavelength used. The formation of excited bro- 


N0 2 



Fig. 37 


+ Br* 


NO* 



| Br Br 
NO2 


Fig. 38 


« Souty, Compt. rend., 199, 108 (1034). 

6S Karagunis and Drikos, Nalurwissenschaften, 21, 007 (1933) ; Nature, 132, 354 (1933) - 
Z. physik. Chew.., 26B, 428 (1934). 

69 Davis and llcggic, J . Am. Chcm. <S or,., B7, 377 (1935). 
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mine atoms at this wavelength has been shown by Mecke. 50 Hence, 
conditions were favorable for a reaction between activated bromine 
atoms and activated trinitrostilbene molecules which led to an opti- 
cally active dibromotrinitrostilbene (Fig. 38). The rotations observed 
were low, but beyond experimental error. In benzene as the solvent a = 
0.023°; in carbon tetrachloride, a = 0.021°; in acetic acid, a = 0.022°; 
in nitrobenzene, a = 0.040°. The activity was exhibited only after 
partial reaction had taken place at the end of a certain optimum time in- 
terval. After complete reaction, the products were optically inactive. 
The same reaction mixtures showed no rotation under the influence of 
plane-polarized light, and exposure of the final product to d-circularly 
polarized light did not cause any activity. 

The last two examples of asymmetric syntheses cited are of especial 
value, since the studies were carried out on well-known reactions, and 
the products possessed definite structures. 

Since sunlight reflected by the sea is partially elliptically polarized, 
an asymmetrical photochemical agent has been available for ages which 
could start the chain of asymmetric syntheses of the active compounds 
found in plants and animals. 

PART VI. OPTICAL ISOMERISM OF CYCLIC COMPOUNDS 

Compounds Containing Asymmetric Carbon Atoms in the Ring 

In number and character, the optical isomers of cyclic compounds 
with asymmetric carbon atoms forming parts of the ring are, in general, 
quite similar to the corresponding open-chain compounds. In mono- 
cyclic compounds with three, four, and five carbon atoms in the ring the 
number of isomers found agrees with the assumption that these rings 
are planar anti that the groups attached to each carbon atom project 
above or below the plane of the ring. 

Although rings of six carbons are probably not planar, the isomers 
observed in such molecules conform to the number calculated on the 
basis of planarity of the ring. Molecules w r ith rings of more than six 
atoms have received almost no experimental study from the standpoint 
of stereoisomerism, but it seems likely that, even though they are non- 
planar, the number of isomers formed will agree, as in the six-mem lx 1 red 
ring compounds, with the number expected from a planar ring. The 
principles just outlined apply equally well to saturated heterocyclic 
compounds. 

King compounds differ from open-chain compounds chiefly in that 

60 Mecke, Trans. Faraday Hoc., 27 , 359 ( 1931 ). 
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no free rotation between the ring atoms is possible and consequently cis - 
trans isomerism may exist as well as optical isomerism (p. 477). 

Three-Membered Rings. A cyclopropane with the general structure 
of Fig. la contains only one asymmetric carbon atom (*) and hence 
exists in d- and Z-forms represented by Figs, la and 16. The carbon atom 



marked with an asterisk is asymmetric, as may be seen by imagining the 
ring opened between the other two carbon atoms. 

The representation of the structures of cyclic compounds by formulas 
such as those shown in Figs, la and 16 is more convenient than using 
tetrahedra.* If two different asymmetric carbon atoms arc present, as 
in Fig. 2, then four optical isomers are possible which constitute two 
racemic modifications. Figure 3 shows a molecule with three different 



Fig. 2 Fig. 3 


asymmetric carbon atoms which may exist as eight optical isomers or 
four racemic modifications. 

If two like asymmetric carbon atoms are present then a meso and a 
racemic modification may exist. Figure 4 represents the meso form, and 
Figs. 5 and 6 the racemic modification. The meso form is a cis-lrans 
isomer of the racemic modification. 



* Models of the simple cyclic compounds may easily be constructed by cutting tri- 
angles, squares, etc., of cardboard and inserting matches at the corners to represent the 
groups. 
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In cyclopropane derivatives with the following general structure 
(Figs- 7-10), carbon atom number 2 is pseudoasymmetric. Two meso 
forms exist shown by Figs. 7 and 8, and two active forms shown bv Figs. 9 
and 10. These forms, Figs. 7, 8, 9, 10, parallel the forms of the chain 



Fig. 9 Fig. 10 


dl 

molecule represented by A-B-A . From the viewpoint of geometrical 
isomerism (p. 478) there a re three cis-trans isomers; one is represented 
by Fig. 7, one by Fig. 8, and the third cis-irans isomer is the raeeinie 
modification composed of equal amounts of the d- and Z-forms repre- 
sented by Figs. 9 and 10. The two mesa forms and the racemic modifi- 
cation are diastereoisomers of each other and, therefore, have different 
physical properties and react at different rates with various reagents. 

Four-M ember ed Rings. The number and nature of the stereoiso- 
mers of cyclobutanc and cyclopentane derivatives can be deduced from 
considerations of the models of these ring compounds using the same 
general considerations cited above for the cyclopropane compounds. 

The following general formulas represent a summary of the isomers 
existing in cyclobutanc derivatives substituted in the manner indicated 
(Figs. 11-22). 

Molecules of the type shown in Fig. 22 are represented by the five 
truxillic acids which arc formed by the dimerization of /rarcs-cmnainic 



6 d d d 

1 (ii-form 2 dl -forms 4 (/Worms 8 (/Worms 

Fig. 11 Fig. 12 Fig. 13 Fig. 14 
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b 

1 eft-form 
1 ineso 


Fig. 15 


Fig. 16 

a 

1 


a 


c 

sj 



d 


d 


T 

4 ft/-forms 


No optical isomers 

2 meso 


4 cis4rans forms 

Fig. 17 


Fig. 18 

t 


a 


a 






b 

b 

No optical isomers 

1 <ft-form 

2 da-tram forms 


2 meso 

Fig. 19 


Fig. 20 

a 


a 


. a 






jj 


lr 

1 rft-forin 


ir 

No optical isomers 

1 meso 


5 da-trans forms 

Fig. 21 


Fig. 22 


acid. Each of them is identical with its mirror image, although a- 
truxillic acid (Fig. 23), unlike the other four isomers, has no plane of 
symmetry. Its symmetry results from the fact that when, from any 
atom in the molecule, a line is drawn to the point P and extended an 
equal distance beyond, it meets an atom identical to the one at its 
origin. Any molecule possessing such a point, called a center of symmetry, 
is identical with its mirror image. 

When the pair of b groups and the pair of c groups in Fig. 22 each 
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represents enantiomorphic pairs, the number of stereoisomers is the same, 
but their relationship is altogether different. 



a-form, m.p. 274° 7 -farm, m.p. 288° 


Fig. 23 Fig. 24 



pen-form, rn.p. 266° epf-form, m.p. 285° 
Fig. 25 Fia. 26 

n 



COjH 

e-form, m.p. 189° 
Fig. 27 


Each of the compounds, Figs. 28 and 31, has a plane of symmetry. 
The compounds of Figs. 29 and 30 are asymmetric and together con- 
stitute a racemic pair. Although the compound of Fig. 32a possesses 



Fig. 28 Fig. 29 Fig. 30 



Fig. 31 Fig. 32a Fig. 326 


n onc of the symmetry elements previously described, nevertheless it is 
identical with its mirror image. Examination of its structure shows that, 
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when the groups below the plane of the ring arc rotated 90° in either 
direction about an axis perpendicular to the ring at its center, a molecule 
(Fig. 326) results which possesses a plane of symmetry through the 
four carbon atom cycle. Such an axis, perpendicular to a plane dividing 
a molecule into two halves about which one half can be rotated so that 
at some point during a complete rotation the dividing plane becomes a 
plane of symmetry, Ls called an alternating axis of symmetry ; and any 
molecule possessing such an axis Ls identical with its mirror image. Thus, 
a-truxillic acid (Fig. 23) possesses, in addition to a center of symmetry, 
an alternating axis of symmetry. Thus far, no compounds possessing 
this type of symmetry alone have been prepared. 

Five-Membered Rings. "The isomeric forms of substituted cyclo- 
pentanes which have been obtained agree with the assumption that the 
five carbon atoms of the ring are also in one plane. The number and 
nature of the isomeric possibilities may be deduced by drawing out the 
forms and building the models in the same fashion as described for three- 
and four-membered rings. 

The furanose forms of the sugars constitute important examples of 
heterocyclic five-membered rings (Figs. 33a, 336). The 7 -lactoncs of 
sugar acids are also important five-membered ring compounds (Figs. 
33c, 33d). 



/3-Gluconofuranose a-Gluconofumnose 

Fig. 33a Fig. 33b 



Y-Glueouolaetone d-Er y t hron olactone 

Fig. 33c* Fig. 33d 

Six-Membered Rings. The status of cyclohexane derivatives cannot 
be regarded as settled. The study of the chemical and physical proper- 
ties of rings containing six or more atoms has shown that such ring 
systems may not be planar. Examination of the isomeric forms of fused 
ring systems (p. 328), and construction of the models of such compounds, 
have shown that the carbon atoms in six or more membered rings unite 
in a manner involving the minimum deviation from the regular tetra- 
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hedral angle, ana nence, according to Sachse and Mohr, form '‘strainless 
rings” (p. 69). 

The models of cyclohexane indicate that two forms are possible. These 
are the “boat or C-form” (Fig. 34 or 34a), and the “chair or Z-form” 
(Fig. 35 or 35a). However, no isomeric forms of cyclohexane or its 



Fxo. 34a Fig. 35a 



Fig. 34b. Fig. 34c. Fig. 34 d. 


derivatives have been isolated with certainty up to the present time. 
It seems probable that there is an equilibrium between the two forms of 
such molecules and that the two structures vibrate from one to the other 
so rapidly that the net average result is a planar molecule. 

Stuart 1 lias constructed atomic models which represent the atoms 
in their relative sizes as deduced from x-ray data. They are so formed 
that, when appropriate atoms are linked together into a molecule, the 
relative interatomic distances are maintained in the structure. A photo- 
graph of the boat form of cyclohexane is shown in Fig. 34 d. Benzene is 
shown in Fig. 34c for comparison. When attempts are made to build the 
‘hair form of cyclohexane the peculiar-appearing strainless model of 
1’ ig. 346 results. Although very useful and instructive, the Stuart models 
have been found in practice to represent the structures of molecules in 

1 Stuart, Z. phyxik. Chcm., B27, 350 (1927). 
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more compact form than actually exists. Thus the conversion of the 
boat to the chair form of cyclohexane involves a much greater strain 
using these models than the chemical study of cyclohexane would lead 
one to believe. 

By mathematical analysis Brodetsky 2 believes the Z-form of the 
methyl cyclohexane ring can give rise to two isomeric monasu Instituted 
derivatives, while Henriquez 3 deduces one fixed Z-modification and an 
infinite number of mobile modifications of which the C-form is one. 

The existence of boat and chair isomers would be possible only if the 
substituents were of such nature as to cause the stabilization of the 
positions of the atoms constituting the ring. The only examples of such 
a stabilization have been found among fused ring systems, which will be 
discussed in the next section. The numerous attempts, on the other 
hand, to find substituents which will cause a fixation of the two forms in 
monocyclic compounds have failed to yield convincing results. 

In a monosubstituted cyclohexane, such as eyclohexanol, the boat 
form appears to exhibit position isomerism (Figs. 36, 38, 39), geometric 
isomerism (Figs. 36 and 37, 38 and 40, 30 and 41), and optical isomerism 



Fig. 42 Fig. 43 

2 Brodetsky, Proc. Leeds Phil. Lit. Sac., T, 370 (1929); Wightrnan, Chemistry 
Industry, 58, 004 (1939). 

3 Henriquez, Prac. Acad, Sci. Amsterdam , 37, 532 (1934). 
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(Figs. 38 and 39, 40 and 41). Actually, however, each of the forms 
36—41, inclusive, is convertible into the other without the necessity of 
passing through a strained configuration; rotation is as free in these 
forms of strainless rings as in an open-chain molecule. In the chair form, 
however, the structure is rigid, so that the two possible isomers (Figs. 
42 and 43) cannot be converted into each other without momentarily, 
at least, adopting a strained configuration. Moreover, the conversion 
of a chair to a boat form involves some degree of strain. In an attempt 
to isolate chair and boat isomers, Wightman 4 converted 1-carbomethoxy- 
cyclohexylformic acid (Fig. 44) into 1-carbomethoxycyclohexylforma- 
mide (Fig. 45) by two methods, one involving the conversion of the 


Tycoon 

\_/cooch 3 

Fig. 44 



CONH 2 

COOCHa 
Fig. 45 


carboxyl group of Fig. 44 to the amide and the other the conversion of 
the ester group to the amide and esterification of the carboxyl. Two 
compounds, bearing the same relationship to each other as do the cyclo- 
hcxanols of Figs. 42 and 43 or of Figs. 36 and 37, were produced. The 
two proved to be identical, showing that such isomers, if they exist at all, 
must be present as an equilibrium mixture. 

A planar model of 4-methyl-l-carboxycyclohexylacctic acid (Fig. 
46) possesses two cis-trans isomers (Figs. 47 and 48). A strainless ring 
model has theoretically eight possible forms (Figs. 49-56) on the basis 
of one chair form and one boat form of cyclohexane.* 



Fig. 49 Fig. 50 Fig. 51 Fig. 52 



Fig. 53 Fig. 54 Fig. 55 Fig. 56 

4 Wightman, J , C 'hem. Soc., 2543 (1926). 

* The student should satisfy himself on these points by a study of the models. 
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M. Quadrat-I-Khuda 6 reported four isomers of the compound shown 
in Fig. 46, but Goldschmidt 6 found that two of the isomers reported by 
Khuda were merely molecular compounds of the other two. Miller and 
Adams 7 obtained further evidence from a study of 4,4-dimethyl- 1-car- 
boxycyclohexylacctic acid and 4,4-dimethylcyclohexyl-l,l-diacetic acid 
that isomers of this type do not exist. 

Vogel 8 has reported having obtained methyl cyclohexanes in C- and 
Z-forms depending on the mode of preparation. From pure 2-, 3-, or 4- 
mcthylcyclohexanones, by Clemmensen reduction, he obtained a single 
stable methyl cyclohexane (dif* 0.7693, 1.42316) identical with that 

resulting from the dehydration of 2-methylcyclohexanol followed by 
reduction. However, the methylcyclohexane prepared by a modified 
Wolff-Kishner reduction of the pure 2- and 4-cyclohexanone semicar- 
bazones had the following constants, 0.7676, nj$ 1.42311, and upon 
standing several days or more rapidly upon warming changed to a 
product with constants df 0.7695, 7i§ 1.42326. Vogel interpreted these 
results as isolation of an unstable and a stable form of methylcyclohexane 
representing C- and Z-modificalions. The acceptance of these conclu- 
sions must await confirmation and further experimentation. 

Up to the present, therefore, no conclusive evidence is available to 
suggest the calculation of the number of isomers of a monocyclic ring 
system with six atoms except on the basis of a planar ring. Thus, the same 
conditions obtain as in the three-, four-, or five-membered ring com- 
pounds and the number of isomers is dependent on the number of asym- 
metric carbon atoms present. If the asymmetric carbon atoms arc all 
different from each other the number of isomers is equal to 2 n (where « = 
number of asymmetric carbon atoms). 

Limonenc is an example of a compound with one asymmetric carbon 
atom. It exists in a d- and an Worm, Figs. 57 and 58. 


UH-r- CH 2 /H 

CHa — C( >C< 

^CH — CH/ 0=011, 

I 

Oils 

Fig. 57 


H s /CIU— CH 2x 

>C< >C-CH, 

H,C=C // X CII 2 — CH^ 


CH, 


Fig. 58 


The racemic modification is known as dipentene. 

Hexahydro-o-toluie acid (Fig. 59) is an example of a cyclohexane 
derivative with two different asymmetric carbon atoms. It, therefore, 

6 Quadrat-I- Khuda, J. Indian Chan. &>c., 8, 277 (1931); Nature, 132, 110 (1933)! 
136, 301 (1935). 

8 Goldschmidt and Grofinger, Ber., 69, 279 (1935). 

7 Miller and Adama, J. Am. Chart. Hoc., 58, 787, 2059 (1930). 

8 Cowan, Jeffery, and Vogel, J. Chan . Hoc., 18G2 (1939) ; see, also, Vogel, ibid., 333, 
1758 (1934); 1323 (1938). 
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exists in two racemic modifications. The same number of racemic forms 
exists for hexahydro-wWoluic acid (Fig. 60), but the para compound 
(Fig. 61) docs not possess any optical isomers, since this molecule has 
no asymmetry. It does exist in two geometric forms. 



ch 3 ch 3 


Fig. 59 Fig. 60 

CH 3 ^ ^CHsr- CH^ ^COaH 

c c 

w/ x CHj-CH 2 / \l 
Fia. 61 

The hexahydrophthalic acids illustrate cyclic compounds with two 
similar asymmetric carbon atoms. Figure 62 represents the mem or cis 



C0 2 H co 2 h 

Fig. 62 
vieso or cis 


form, and Figs. 63 and .64 the d- and Worms of the racemic modification 
which is trans. 



i i 

II C0 2 H 


Fig. 63 


Racemic or trans 


C0 2 H H 
Fig. 64 
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Hexahydroisophthalic acid (Fig. 65) also exists in meso and racemic 
modifications. The isomerism of these compounds hence parallels that 
of tartaric acid (p. 232). Hexahydroterephthalic acid (Fig. 66) possesses 



I 

co 2 h 


Fia. 65 Fig. 66 

no asymmetric carbon atoms and a plane of symmetry, and hence does 
not have any optical isomers. 

Menthol is an example of a cyclic compound with three different 
asymmetric carbon atoms (Fig. 67). Eight optical isomers arc possible, 


CHs 

*CH 


CHz ^CHa 

I u 

ch 2 choii 


\ / 

*CH 


CII 


/ 

ch 3 


\ 

CII 3 


Fig. 67 


existing as four racemic modifications. The common form, Z-menthol 
(Mo —54.75°), is the chief constituent of oil of peppermint. 

The normal or pyranose forms of the sugars constitute important 
examples of heterocyclic six-membered rings containing five different 
asymmetric carbon atoms. Figures 68 and 69 represent the formulas 
of a - and 0-glucose. These two forms are diastereoisomers. Since 
there are five different asymmetric carbon atoms in the glucopyranose 
ring, a total of thirty-two optical isomers which constitute sixteen race- 
mic modifications is possible. 

The substituted diketopiperazines illustrate another type of six- 
membered heterocyclic ring. Alanyl anhydride or 2 , 5 -dimethyldike- 
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modification. Examination of these three structures shows that none 
of them possesses a plane of symmetry. Construction of the mirror image 
of the model of Fig. 70, in which the methyl groups are in the trans 
position, however, shows that the mirror image is identical with the 
original. 

The molecule shown in Fig. 70 constitutes another example of a 
compound with a center of symmetry (p. 318). The molecules shown in 
Figs. 71 and 72 do not possess such a center of symmetry. 

Many-Membered Rings. Substituted rings containing more, than six 
members have received little attention from the viewpoint of stereochem- 
istry. Evidence favors the conclusion that the same number of optical 
isomers will exist as may be calculated on the basis of a planar ring. 

An interesting experiment was performed in an attempt to resolve 
the semicarbazide of cyclononanone. The Stuart models represent this 
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molecule as so compact that the mirror images are not interconvertible. 
The resolution failed, 9 however. 

Fused Ring Systems 

For convenience in discussion and determination of the number of 
isomers, compounds containing fused rings may be classified into the 
following groups. 

1. Alicyclic compounds in which the rings are fused through adjacent 
atoms. 

(a) Two five- (or more) nicmbered rings fused through adjacent atoms. 

(b) Three five- or six-membered rings fused through adjacent atoms. 

(c) Two rings fused through adjacent atoms, one ring of which is 
highly strained (contains three or four atoms). 

(i d ) Molecules containing several rings fused through adjacent atoms. 

2. Alicyclic compounds containing five- or six-membered rings fused through 
non-ad ja cent atoms. 

3. Fused systems containing rings of more than six members. 

4. Molecules containing more than two fused rings. 

Group la. The same rules which are used to determine the number 
of isomers in monocyclic compounds apply to substances in group la. 
Thus, 3,3,0-bicyclooctane (Fig. 73) which has no asymmetric car- 
bons exists in a cis form (Fig. 74) and a trans form (Fig. 75); hex- 
ahydrohydrindane (Fig. 76) which possesses two similar asymmetric 
carbons exists in a meso-cis (Fig. 77) and a racemic-frcms form (Fig. 78) ; 
mcthylhexahydrohydrindanc (Fig. 79), which possesses two different 
asymmetric carbon atoms, exists in a racemic-c?s (Fig. 80) and a 
racemic-tois form (Fig. 81); and decalin (Fig. 82) with no asymmetric 
carbon atoms exists in a cis (Fig. 83) and a trans form (Fig. 84). 

The existence of the trans isomers of these substances affords the 
most conclusive evidence for the strainless configuration of rings con- 
taining five or more atoms. These structures follow logically the use of 
the tetrahedral carbon atoms in their construction. They are discussed 
in some detail elsewhere (p. 484). 

Optical isomerism is found only in the trans form of hexahydrohydrin- 
dane (Fig. 78) and in the cis and trans forms of methylhexahydrohydrm- 
dane (Figs. 80 and 81) as it is only these forms which possess non- 
superim posable mirror images. 

J Marvel and Glass, J. Am. Chem. Soc., 60, 1051 (1938). 
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Fig. 76 Fig. 77 Fig. 78 



Fig. 79 Fig. 80 Fig. 81 



Fig. 82 Ftg. 83 Fig. 84 


The dccahydro-a- and -0-naphthols (Figs. 85 and 86) and decahydro-/3- 
naphthylamine (Fig. 87) constitute examples of fused strainless rings 
possessing three asymmetric carbon atoms (marked *). Each of these 
compounds may exist in eight optically active isomers (2 3 ) which con- 
stitute four racemic modifications, all of which have been isolated. 

H OH 

'^ChS f^CH^oH 

w vv v cH >> 

Fig. 85 Fig. 86 Fig. 87 

In view of the fact that molecules containing two fused rings of the 
type just discussed are of very common occurrence, a generalization 
concerning the possible number of isomers is desirable. It is assumed in 
these generalizations that no asymmetry is present in either ring which 
would necessarily increase the number of possible isomers. 
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A compound containing two similar unsubstituted rings of five or 
more members, fused through two adjacent atoms, may exist in two 
geometric forms, a cis and trans } both of which will be inactive and 
incapable of resolution owing to the absence of asymmetry in the 
molecules. 

If the two similar rings are substituted either on the fusion atoms or 
in the rings and the substituents are so placed that neither of the two 
fusion carbon atoms is asymmetric the cis and trans forms will also be 
inactive and incapable of resolution. 

If the substituents are so placed that the two fusion atoms are asym- 
metric and identical, the cis and the trans forms may be either meso or 
racemic, depending upon the positions of the substituents. Such 
examples are shown in Figs. 88 and 89. The Ira? is form of Fig. 88 is 
meso; that of Fig. 89 is racemic. 



(CH 3 )2 

Fig. 88 Fig. 89 


If the substituents are so placed that the two fusion atoms are 
asymmetric and not identical, both the cis and trans forms will be 
racemic. 

A compound containing two unsubstituted rings, each of a different 
size and each of five members or more, fused through adjacent atoms 
may exist in cis and trans forms; the fusion atoms will be asymmetric 
and identical, and consequently the cis form will be meso and the trans 
form racemic. The introduction of substituents in the molecule, cither 
on the fusion atoms or in the rings, may also lead to fusion atoms which 
are asymmetric and identical and result in cis-meso and frans-racemir 
forms. If, however, the substituents are so placed as to cause the 
fusion atoms to be asymmetric and not identical, both the cis and trans 
forms will be racemic. 

Group lb. If three five- or sbr-membered rings are fused through the 
same two adjacent carbon atoms, a rigid structure r ('suits as shown in 
Fig. 90. 

No cis and trans isomers can exist since interchange of two of the 
linkages at each of the fusion carbon atoms would involve impossible 
strains. In the existing form shown, optical isomerism may occur only 
when each of the three rings is different from the others since only in 
such molecules arc the elements of symmetry absent. 
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Group lc. In a molecule with two rings fused through two adjacent 
carbon atoms, one ring of which is highly strained as in three- or four- 
membered rings, only one geometric form is found. Thus, in cyclo- 
hexene oxide (Fig. 91), a six-membered cyclohexane ring and a three- 
membered ethylene oxide ring are fused together. As the two hydro- 
gens are on one side of the six-membered ring and the oxygen on the 
other, Fig. 91 represents a cis modification which is meso. The hypo- 
thetical trans form is shown in Fig. 92. The hydrogens on opposite 



Fiu. 01 Fig, 92 


sides of the six-membered ring necessitate a linking of the valencies of 
the oxygen atom through trans positions. This structure involves such 
a tremendous strain that this isomer cannot exist. Hence, only one 
form of cyclohexene oxide is known, the cis or meso form. 

If the restraining effect of either of the rings is removed by opening 
them, the normal number of forms is obtained. For example, the glycol, 
Fig. 93, exists in a meso or cis form and a trans or racemic modification. 
2-Chlorocy elohexanol (Fig. 94) may exist in four optically active forms 
composed of two racemic modifications, but treatment with alkali yields 
only one inactive cyclohexene oxide. These examples illustrate the 
freedom conferred on the groups by the removal of the three-membered 
ethylene oxide ring. 

Removal of the cyclohexane ring leads to ethylene oxide which, of 
course, cannot exist in stcreoisomeric forms, but its carboxylic acid 
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derivatives can. Thus Fig. 95 represents the meso form and Fig. 96 the 
trails or racemic modification of ethylene oxide dicarboxylic acid. Both 
forms arc known. The meso and racemic forms of 2, 3-epoxy butane have 
also been obtained. 



Fig. 93 



Fig. 94 


C0 2 H co 2 ii 

I 0 I I 0 I 

H H II0 2 C II 


II CO 2 II 


Fig. 95 


Fig. 96 


For the present discussion a cyclic molecule containing a double bond 
in the ring may be considered a type of double ring system fused on 
adjacent carbons, one ring of which merely has two atoms. As a result 
of the previous considerations the same situation should obtain as in 
fused ring molecules containing one highly strained ring. Existence of 
a single geometric form, a cis modification, would be expected; thus 
cyclohexene or cyelopenlenp may be cited as examples, each of which 
has been isolated in a single form only. The olefinic ring must be of 
sufficient size (p. 336) to allow the trans modification of the olefin to he 
formed without appreciable strain before both geometric isomers may 
be anticipated. No such compounds have been obtained experimentally. 

Group Id. When several rings are present in a molecule, each fused 
to the next one through two adjacent atoms, the stereochemistry of each 
individual substance must be considered independently. The strains in 
compounds of this kind will be contingent upon the fashion in which the 
rings are fused. Actually the number of isomers which can exist will 
usually be much smaller than that calculated on the basis of the asym- 
metric carbon atoms present. Thus, dihydrocholesterol (Fig. 97) repre- 



sents a fused system of rings. Inspection of the formula shows the pres- 
ence of nine asymmetric carbon atoms, six of which arc fusion atoms. 
The theoretical number of possible optical isomers is 512, but only a 
small fraction of these may actually be constructed without strains 
greater than are ordinarily found in organic molecules. The bile acids, 
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the sex hormones, the various reduced sterols, and their derivatives (p. 
1341) constitute important examples of fused ring systems. 

Group 2. The fusion of two strainless five- or six-membcrcd rings 
through non-adjacent atoms also leads to a rigid structure which does not 
permit the formation of all the isomers calculated on the basis of the 
number of asymmetric carbon atoms. The stereochemistry of such com- 
pounds can best be understood by consideration of specific examples. 

The structural formula of camphor has been shown to be that of 
Fig. 98. Examination of the formula shows that carbon atoms 1 and 
4 are attached to four different groups and hence asymmetric. The 
presence of two different asymmetric carbon atoms would normally lead 
to the prediction of four optical isomers. However, construction of this 
molecule using tetrahedral carbon atoms reveals the fact that only one 
arrangement of the rings about the fusion carbon atoms is accompanied 
with essentially no strain. The other form in which two bonds on each of 
the fusion carbon atoms are interchanged would impose an impossible 
strain upon the rings. Camphor, therefore, exists in only a dr and l- 
modification. Schematic projections of the space model are represented 
in Figs. 99 and 100. Both forms occur naturally, and an equiniolceular 
mixture of the two constitutes ^-camphor. 


CL JCH, 


CH, 


CHr-C-CH a 


-p \ yCH 3 CH, / C \L 

t ! V V - ? H * 

CH 2 / \ y\ 

v c / x ch 3 dk\ y • 


CH X II 


Reduction of the koto group of camphor to the secondary alcohol 
group generates a new asymmetric carbon atom (Number 2) (Fig. 101). 
bince this carbon atom may give rise to d- and Worms a total of four 


CH 3 

CH* C CIIOII 

* r 

ch 3 -c-ch 3 

5 Ji 3 

CH 2 c CHj 

I 

II 

Fig. 101 


CH 3 

CII 2 C CII3 

CH— C — CH3 

CH 2 c CH 2 

H 

Fig. 102 
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optically active forms should exist, as in fact they do. Both d- and l- 
borneol, and d- and i-isoborneol are known. 

Complete reduction of camphor or the borneols leads to camphane 
(Fig. 102), which cannot exist in optically active isomeric forms since it 
possesses a plane of symmetry. 

Cocaine is another molecule of this sort. It is a naturally occurring 
alkaloid whose structure is represented in Fig. 103. Two asymmetric 
carbons, numbers 2 and 6, are involved in the rigid fusion of the pyrroli- 

H II 

CHj 4 c-co 2 cn 3 

* *ji 3 | H 

NCII, ,C-OCOC 6 H 5 

oi :r 

CHj -C CH 2 

H 

Fig. 103 


dine and piperidine rings and consequently lead to a single geometric 
form, which is racemic. With two additional asymmetric carbons present 
2 3 or 8 active forms constituting four racemic modifications may be 
expected. 

Two six-membered rings may be fused through adjacent atoms, 
through atoms with one carbon atom between, or through atoms sepa- 
rated from each other by two carbon atoms as shown in Fig. 104. 



CIIj 

CII 2 ch 2 

1 

'8 

i 3 

CHj 

ch 2 ch 2 

\ 

A / 

Hi',/ 


Fig. 104 


Substances in this group are no different from those previously 
described. Only one geometric form is possible on account of the strain 
involved in the isomer. Since the molecule in Fig. 104 is symmetrical, 
it is obvious that no optical isomerism can exist. This condition still 



OPTICAL ISOMERISM 


335 


holds if the fusion carbon atoms I and 4 hold different groups or if one 
of the rings is made different from the others by substitution, for ex- 
ample, of two methyl groups in the 2-position. Only if each ring differs 
from the other two is symmetry destroyed and optical isomerism becomes 
possible. This may be illustrated by a molecule in which two methyls 
are substituted on carbon 2 or 3 and two ethyls on carbon 5 or 6. 

An important specific example of this type of fused ring system is the 
substituted quinuclidine nucleus which occurs in quinine and cinchonine 
(p. 1202). Inspection of the structure of quinine (Fig. 105) shows the 


/ 

f\ 

\* 

CH, 

ch 2 

CH— CH=CH 2 

* * ! 



HOCH — CH 

ch 2 

ch 2 



Fio. 105 


presence of a bicyclic nucleus similar to that of Fig. 104 in which one of 
the fusion carbon atoms has been replaced by nitrogen. This causes the 
same type of rigidity in the molecule and eliminates the trans form. 
As a consequence,, this fused ring system in conduction with three other 
asymmetric carbon atoms makes possible the existence of 2 4 or 16 
optical isomers of which the naturally occurring alkaloid is one. 

Various combinations of five- and six-membered rings are obviously 
possible. All molecules of this type exist in only one geometric form, and 
the presence of optical isomerism in this form will depend upon whether 
the molecule has elements of symmetry. 

Group 3. The molecules discussed in groups 15, 1c, Id, and 2 have 
been limited to saturated rings of five and six members. If double 
bonds are introduced into the ring systems in groups la, b, c, d, and 2 the 
strains may be considerably modified and the number of isomers may 
be less than it would otherwise be. This is especially true in compli- 
cated molecules with several fused rings. 

It has been clearly demonstrated experimentally that five- and six- 
membered rings with allenc or acetylene linkages cannot be prepared. On 
the other hand, a seven-membered ring containing an allene linkage 11 

10 Favorsky, Bull. soc. chim ., [5] 3, 1727 (1936), 
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has been reported (Fig. 106) and a fifteen- and a scvcntccn-membered 
ring containing an acetylene linkage 11 (Fig. 107). This suggests that, in 
all probability, in fused ring systems, both cis and trans isomers may be 
anticipated provided that one or both rings are of such size that inter- 
change of linkages at the fusion carbon atoms may occur without serious 
strain (Figs. 108 and 109). The number of geometric and optical isomers 



Fig. 106 Fig. 107 Fig. 108 Fig. 109 


will then be coincident with that calculated on the basis of strainless 
models. These predictions have not been tested experimentally. 

Group 4. Many natural and synthetic compounds contain more 
than two fused rings. The general principles of stereoisomerism involved 
in these systems are the same as those in molecules with two fused 
rings. However, each additional ring fused to the molecule modifies 
to a certain extent the individual strains in each ring. Although theo- 
retical considerations make possible a large number of stereoisomers in 
such complex molecules, actually very few forms exist. The limited 
number is probably due to the strains involved in the formation of such 
isomers. 

PART VII. OPTICAL ISOMERISM OF COMPOUNDS CONTAINING NO 
INDIVIDUAL ASYMMETRIC ATOMS 

As mentioned in the opening sections, an asymmetric atom is only 
one source of asymmetry in molecules. Several types of molecules are 
known whose asymmetry is due to their structure as a whole. Specific 
examples of each type will be considered in order to illustrate the nature 
of the asymmetry of such molecules. 

Inositol Type. Inositol is hexa hydroxy cyclohexane. It occurs in 
plants as a hexa phosphoric ester known as phytin. 

There are eight possible geometrical isomers of inositol, but only one 
of these isomers has a mirror image which is non-superirn posable. The 
two enantiomorphs are shown in Fig. 8 and the other geometrical 
isomers in Figs. 1 to 7. 

11 Ruzicka, Hiirbin, and Bockenoogen, Ihlv. Ckim , Acta, 16, 498 (1033). 
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None of the three elements of symmetry previously discussed is 
present in the form, Fig. 8. Both the d- and Worms ([«] D d= 65°) of 
inositol were described by Mohr 1 in 1903. The structures of the remain- 
ing isomers have not been established with certainty. 2 



6 planes of 
symmetry 
Fig. 1 



OH 


1 plane of 
symmetry 
Fig. 3 



1 plane of 
symmetry 
Fig. 2 
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1 plane of symmetry 
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Fig. 7 



df-Inositol 

Fig. 8 

Allenes. In his discussion of the spatial distribution of the valence 
forces about the carbon atom, van’t Hoff 3 in 1875 pointed out that an 

1 Mohr, J. jrrakt. Chcm [2] 68, 3G9 (1903). 

2 Posternak and Posternak, Hdv. Chim. Acla, 12, 1165 (1929). 

3 van’t Hoff, “Die Lugerung der Atonic im ltaum,” Vieweg und Solin, Braunschweig 
(1908). 
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allene of the formula shown in Fig. 9 should be capable of existing in the 
optically isomeric forms shown in Figs. 10 and 11 if the carbon atom 
possesses a tetrahedral configuration. Examination of the models of 
Figs. 10 and 11 shows that they possess no plane of symmetry. The 
groups ab and cd do not lie in the same plane, and the structures of 
Figs. 10 and 11 are non-superimposable mirror images. 



Somewhat later it was pointed out that any allene with two different 
groups on each of the terminal carbon atoms should be capable of existing 
in optically isomeric forms, Figs. 12, 13, and 14. It is not necessary that 
four different groups be present as in Fig. 9. 



Following these theoretical predictions numerous attempts wen- 
made to prepare allenes containing groups which not only would fulfill 
the necessary stereochemical requirements but also would contain 
reactive groups permitting resolution. 

It was not until 1935, sixty years after van’t, Hoff’s prediction, that 
experimental verification was secured. Mills and Maitland 4 in 1935 
accomplished a catalytic asymmetric dehydration of the alcohol shown 
in Fig. 15 by means of the optically active camphorsulfonic acids. 

/CeHj 

>C-=C=<X + h 2 o 

X 'C[oH 7 (a) 

Fig. 10 

When the dehydration was carried out with an optically inactive 
catalyst the racemic form (m.p. 244°) of the allene in Fig. 16 resulted. 


C«H ix /C 6 n # C*H 

\g qjj q/ , 

(«)C jo h/ |\c 10 H 7 («) («)C,oH 

OH 

Fig. 15 


4 Mills and Maitland, Nature, 136 , 994 (1935) ; J. Cham. Soc US7 (1930). 
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When the alcohol of Fig. 15 was boiled with a 1 per cent benzene solu- 
tion of <Z-camphor- 10-sulfonic acid an optically active allene was obtained 
which had a rotation of [«]s 46 i + 437°. Similarly treatment of the 
alcohol with Z-camphor-10-suJfonic acid gave the Zero-rotatory allene 
[a ] 5461 “ 438°. The optically active isomers melted at 159°. When 
mixed and crystallized from a solvent the resulting racemic compound 
melted at 244°. Mills and Maitland proved by several methods that 
the products obtained by dehydration of the alcohol of Fig. 15 were 
allenes and not substituted indenes. 

Kohler, Walker, and Tishler * completed the first actual resolution of 
the racemic form of an allene. In 1910 Lapworth and Wcchsler 6 pre- 
pared the allenic acid shown in Fig. 17. Kohler and his students repeated 
this synthesis and established the structure of the allenic acid by showing 
that it absorbed four atoms of hydrogen and that ozonization produced 
benzoylformic acid and phenyl a-naphthyl ketone. They were unable to 
resolve it, however; but the glycolic add ester (Fig. 18) was prepared, 


C0 2 H 

i 

C6H & C=C=0 


Fig. 17 


•c 6 h 5 

'CioH 7 («) 
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/CoH 6 




co 2 ch 2 co 2 h 
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c 6 h 6 

€, 0 II 7 (a) 


Fig. 18 


and fractional crystallization of the brucine salts effected a resolution of 
this molecule. Decomposition of the diastercoisomcric brucine salts 
gave the d- and Z- for ms of the acid, Fig. 18. The d-form melted at 145- 
146° and had a specific rotation in ethyl acetate of +29.5°. The Z-form 
melted at 144-146° and had a rotation of —28.4°. An equimolar mix- 
ture of d- and Z-forms produced a racemic compound melting at 195° 
which was identical with the original racemic modification of Fig. 18. 
Hydrolysis of the active form of the compound shown in Fig. 18 yielded 
an active compound corresponding to Fig. 17 which was not isolated in 
crystalline form but which gave optically active crystalline esters. 7 These 
investigations by Kohler leave no doubt as to the correctness of van’t 

5 Kohler, Walker, and Tishler, J. Am. Chem. Soc 57, 1743 (1935). 

6 Lapworth and Weehsler, J. Chetn. Soc., 97, 38 (1910). 

7 Kohler and Wliitcher, J. Am. Chem. Soc., 62, 1489 (1940). 
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Hoff’s prediction and constitute further evidence in favor of the tetra- 
hedral carbon atom. 

Molecules not far different from allcnes in their general structure may 
be illustrated by 4-methylcyelohexylideneacetic acid (Fig. 19), which 



,CH 2 — CH 2x 

>c=o 
CHz— CH 2 7 


Fig. 19 


H 

€0 2 H 


was resolved by Pope, Perkin, and Wallach 8 in 1909. In this molecule 
one of the double bonds of the allene structure has been replaced by a six- 
membered ring. The methyl and hydrogen on carbon atom 4 lie in a 
plane perpendicular to the plane containing the carboxyl group and 
adjacent hydrogen (Fig. 20). The molecule has none of the elements of 
symmetry, and its mirror image is non-superim posable. 



ch 3 





II 



Fig. 20 


Spiranes. If both double bonds of an allene are replaced by rings, 
spiranes result (Figs. 21, 22, 23, and 24). Construction of the models 
of these molecules shows that the planes of the rings are perpendicular 
to each other. In 1902 Aschan 9 pointed out that properly substituted 



Fig. 21 Fig. 22 


>a Qo 


Fig. 23 


Fia. 24 


8 Pope, Perkin, and Wallach, Ann ., 371, 180 (1909); J. Chem. Sue., 95 , 1789 (1000; ; 
Perkin and Pope, ibid., 99, 1510 (1911). 

8 Aschan, Ber ., 35, 3389 (1902). 
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spiranes arc asymmetric molecules and hence should be capable of reso- 
lution. 

No optically active forms of substituted spirocyclopcntanes (Fig. 21) 
are known. The substituted spirocycloheptanc shown in Fig. 25 was 



Pig. 25 


resolved in 1932 by Jansen and Pope 10 by means of d- and Z-camphor- 
10-sulfonic acids. 

The dilactonc, Fig. 26, was resolved by Mills and Nodder 11 in 1920. 



0 — CO 
Fig. 26 


Shortly afterwards Leuehs 12 resolved 6f$-dihydrocarbostyril-3,3'- 
spirane-6,6'-disulfome acid (Fig. 27) by means of quinine. Radulescu 13 
resolved the related spirane, Fig. 28. 



Fig. 27 




Boesekcn 14 obtained evidence indicating the probability of optically 

10 Janson and Pope, Chemistry & Industry, 51, 316 (1932). 

11 Mills and Nodder, J. Chem. Sue., 117, 1407 (1920). 

12 Leuehs, Conrad, and v. Katinszky, Ber., 55, 2131 (1922). 

13 Kadulcsou, Bui. me. Stintc Cluj, 1, 306 (1922) ; [Chcm. Zentr ., (II), 139 (1923)]. 

11 Boescken and Felix, Ber., 61, 1855 (1928). 
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active forms of the spirane (Fig. 29) produced by condensation of 
pentaerythritol with pyruvic acid. 

C(CH 2 OH ) 4 + 2 CH 3 COCO 2 H -> 

H 3 Cv yO— CHjk yCliz — Ov /CH 3 

/ c \ + 2 H 20 

ho 2 cx x o— ch/ x;h 2 — o / x co 2 h 

Fig. 29 


Gibson and Levin 15 recently resolved the closely related spirane 
shown in Fig. 30. 



•0-ClI 2x ^CH 2 -O x / VsOjHj 

0-CH 2 //Cx CH i — 0 /€x 'H 
Fig. 30 


In all the spiranes thus far discussed only one racemic modification 
is possible. The general formulas for the optical isomers of such com- 
pounds may be represented by Figs. 31 and 32. 

If other asymmetric atoms are present then the number of isomers is 
increased. Thus, in the compound shown in Fig. 33 there are two 
asymmetric carbon atoms (marked *) in addition lo the spirane atom. 



Fig. 31 Fig. 32 
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Such a molecule may exist in eight optically active forms which consti- 
tute four racemic modifications. Leuchs 16 actually obtained three of 
the racemic forms of the compound of Fig. 33. Sutter and Wijkman 17 

15 Gibson and Levin, Proc. Roy. & Toe. (London), A141, 494 (1933). 

16 Leuehs, Bar , 55, 2131 (1922). 

ir Sutter and Wijkman, Ann., 519, 97 (1935). 



OPTICAL ISOMERISM 343 


also prepared three of the racemic modifications of the dilactone, 
Fig. 34. 
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Substituted Biphenyls and Other Compounds Exhibiting Restricted 
Rotation. A fourth general type of molecules containing no individual 
asymmetric atoms consists of certain substituted biphenyls and related 
compounds. Since this field is so extensive and since it involves the new 
concept of restricted rotation, Part VIII of this chapter is devoted to a 
detailed discussion of this type of isomerism. 


PART VIII. ASYMMETRIC MOLECULES WITH RESTRICTED ROTATION 
ABOUT SINGLE BONDS 

Introduction 

Examination of the models of the three types of asymmetric mole- 
cules containing no individual asymmetric atoms (inositol, spirancs, and 
allenes, p. 336 ff.) shows that these molecules owe their asymmetry fun- 
damentally to the concept of the tetrahedral carbon atom. However, a 
fourth group of such asymmetric molecules is known, the structure 
of which is characterized by an additional concept, that of restricted 
rotation about a single bond. This new concept of restricted rotation, 
together with a few additional principles, constitutes the fundamental 
basis for the stereoisomerism of the derivatives of biphenyl and their 
analogs. 

Fundamental Assumptions 

In a general consideration of asymmetric molecules with restricted 
rotation about a single bond, the structural factors involved may best 
be understood by selecting two univalent radicals R — and R' — which 
may be the same or different. Each of these must possess a plane of 
symmetry, denoted by S and S', which obviously must include the free 
valences, denoted by P and P r . A plane of symmetry is a necessity in the 
radicals so that asymmetry in the molecule produced by combining the 
two radicals cannot be assigned to the particular structure of any com- 
ponent part of the molecule. Such radicals, moreover, must possess 
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only one plane of symmetry. For example, the tetrahedral radical 

/“ /“ 

— C — a shown in I would fulfill this condition, but — C — a would not. 


The latter has three planes of symmetry each drawn through the free 



valence and one of the a’ s. Provided that the single plane of symmetry is 
assumed, the radicals may possess any kind of geometric structure, and 
these may be illustrated by specific examples in II and III. If these 


R 



R' 



two radicals are joined by their free valences, a “pivot bond” between 
them is formed (IV) and the two atoms to which the pivot bond is at- 
tached may be called pivot atoms. Assuming that this union occurs 
without distortion of the radicals, the pivot bond lies in both planes S 
and S f regardless of their positions relative to each other. If the radicals 
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arc free to rotate about the pivot bond, the planes S and S' at some phase 
in the rotation become coplanar as shown in IV. Hence the molecule 



IV 

has a plane of symmetry and therefore cannot exist in enantiomorphic 
forms. 

On the other hand, if free rotation of the radicals about the pivot 
bond is restricted so that 8 and S' cannot ticcome coplanar, then a struc- 
ture such as that shown in V results. The plane S may be assumed to 
be in the plane of the paper and S' at any angle to the paper. A mole- 
cule with this structure, owing to the restricted rotation about the 


Mirror 




pivot bond, has none of the elements of symmetry and lienee its mirror 
image shown in VI is not identical with it. A careful scrutiny of V and 
VI indicates that these mirror images cannot be made to coincide with 
each other. This general concept of the existence of enantiomorphic 
forms emphasizes the two essential prerequisites for observance of 
optical isomerism in compounds of this type : (1) restricted rotation of the 
planes of symmetry of the radicals about the pivot bond; (2) each of the 
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radicals united by the pivot bond has one and only one plane of sym- 
me try. In molecules in which there are no sources of dissymmetry be- 
sides the pivot bond with restricted rotation, the only form of stereoiso- 
merism which can occur is enantiomorphism. 

The general statement assumes no particular structure for R— 
or R' , nor does it refer the hindrance of rotation to any particular 
cause. It admits, however, as a special case, molecules such as biphenyls 
and their analogs in which P and P f are free valences attached to rather 
rigidly constructed planar rings. Thus, a substituted biphenyl of this 
type is shown in VII and VIII. The rotation about the pivot bond 

Mirror 



connecting the pivot or 1,1' carbon atoms is restricted by the presence 
of the a and b groups in the ortho positions. The presence of the a and b 
groups in each ring eliminates all planes of symmetry in each component 
radical except that which extends through the plane of the ring in which 
a, b, and the pivot bond lie. 

The generalized form of theory just given does not attempt to fix the 
cause which accounts for the restricted rotation. Nevertheless, in every 
case of isomerism of this type now known, the experimental data are 
consistent with the assumption that the restriction of rotation is due to 
interference betw’een atoms or groups in dose proximity to the pivot 
bond or bonds. Thus, in application to date the “restricted rotation” 
theory coincides with a more specialized “interference theory” which 
not only assumes restricted rotation but assigns mechanical or other 
interference between portions of the molecule as the cause of restriction. 
This “interference theory” postulates a new variety of steric hindrance. 
The history of the new doctrine, however, has been widely different from 
that of the old theory of steric hindrance. The main distinction between 
the two is that the new theory leads directly to predictions as to the 
number of isomers to be expected in given cases, whereas the old one 
could be applied only to dynamic phenomena such as rates of reaction. 

Wherever restricted rotation is due to such interference it is obvious 
that, in such molecules, the R and R' groups which arc joined to form the 
molecule might equally well bo asymmetric. Under these conditions, 
the restriction of rotation introduces a new center of asymmetry and 
thus makes theoretically possible additional stereoisomers over and 
above those present if free rotation is assumed. 
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Introduction to Optical Isomerism of Biphenyls 1 

The discovery of optical activity among biphenyl derivatives was 
due to a curious sequence of events arising out of Kauflcr's attempt to 
explain the fact that benzidine exhibited certain properties which did not 
appear normal for a bicyclic molecule with coplanar rings. In 1907 2 
he proposed for biphenyl derivatives the folded structure represented 
by IX. Extensive investigation during the succeeding fifteen years 
tended to support such an hypothesis, but much of the experimental 
work was later shown to be erroneous. Subsequent studies of biphenyls 
entirely disproved the folded structure. It was during a research on this 
problem that Christie and Kenner, 3 in 1922, successfully resolved one 
of the dinitrodiphenic acids (X). These experimental results remained 

NO* C0 2 1I 

o-o 

co 2 h no* 

X 

unchallenged and led to attempts in many different laboratories to re- 
solve various biphenyl derivatives. It speedily became evident that 
some of them, such as those in Scries A, could easily be resolved, whereas 
others, such as those in Scries B, resisted all attempts at resolution. 


no 2 




Series B 


1 Adams and Yuan, ('hem. Rev., 12, 202 (1933); Ilillemann, Angeiv. Chern., 50, 435 
(1937.) 

2 Kaufler, Ann., 351, 151 (1907) ; Ber., 40, 3250 (1907). 

3 Christie and Kenner, J. Chcm. Hoc.. 121, 614 (1922). 
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Experimental evidence favors a planar structure for a phenyl or 
substituted phenyl group. In biphenyl, it is commonly assumed that the 
two planar rings are coaxial. The term “coaxial” means that the pivot 
bond, when extended, passes through the two carbon atoms para to the 
pivot atoms. The diagrams for biphenyls are drawn in conformity with 
this assumption, but it must !>e remembered that this convention is 
purely arbitrary. 

If the two rings in biphenyl itself are thought of as coaxial and copla- 
nar, the molecule has a plane of symmetry (in which the pivot bond lies) 
perpendicular to the common plane of the two rings XI. In a com- 
pound of the type XII, however, the substituents are so distributed that 


a a 



no plane of symmetry exists vertical to the rings; in other words, the 
reflection symmetry of each of the two rings with respect to this plane is 
destroyed. As Christie and Kenner 3 pointed out, if such a molecule 
as XII is twisted so that the rings, though remaining coaxial, are no 
longer coplanar, the molecule assumes a dissymmetric configuration 
and makes enantiomorphic forms (XIII) and (XIV) possible. 


a a a a 



XIII xiv xv 


Provided that t lie rings could be held permanently in the positions 
indicated in XI 11 and XIV, the enantiomorphic forms would bo stable 
and the racemic modification of such a molecule could be resolved. 
This pertinent suggestion is not sufficient, however, for it at once raises 
the question of free rotation about the pivot bond joining the two rings. 
The dissymmetry in the coaxial-noncoplanar phases of the substances 
(XIII) and (XIV) would be destroyed during the course of free rotation, 
for in the coplanar phase (XV) the molecule contains a plane of sym- 
metry — the common plane of the two rings. That is to say, free rotation 
would cause a very rapid autoracemization of the optically active com- 
pounds XIII and XIV. In fact, it would effectively prevent resolution. 
Hence, if the rings of such molecules as those under consideration are sup- 
posed to be coaxial but permanently noncoplanar, there must be some 
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adequate cause to prevent the free rotation postulated by the classic 
theory. 

A probable source of this hindrance to free rotation was pointed out 
almost simultaneously by Turner and Le Fevre , 4 Bell and Kenyon , 5 
and Mills . 6 The hypothesis advanced in slightly different forms is 
that the effective size of these ortho substituents conditions the occur- 
rence of optical activity in biphenyl derivatives — provided that on 
each ring the substituents are introduced in such fashion as to leave the 
ring with no vertical plane of symmetry. If the ortho substituents are 
sufficiently large, they interfere with one another in the coplanar posi- 
tion, either by the mechanical or repulsive action of their fields of force. 
Only in the noncoplanar positions is there room enough for all of them. 
Therefore, complete rotation is prevented and optical resolution becomes 
possible. 

One immediately obvious merit of the theory is that it indicates a 
reason why the biphenyls mentioned in Series A, which have at least 
three non-hydrogen substituents in the four positions ortho to the 
pivot bond, have been obtained optically active, whereas those in Series 
B with two or less such substituents could not be resolved. Two ortho 
substituents in one ring hinder the ortho substituent or substituents in 
the second ring from passing, and hence prevent the two rings from be- 
coming coplanar. No one of the compounds in Series B is so constructed, 
although in most of them each ring has no vertical plane of symmetry and 
only a single plane of symmetry coincident with the plane of the rings. 

In discussing the extensive results in the field of biphenyls and related 
compounds on the basis of this interference theory as a working hy- 
pothesis, certain of its consequences may be deduced. The deductions 
will be grouped under two heads: (A) those which apply to molecules 
containing only one pivot bond with restricted rotation, and (B) those 
which apply to molecules containing more than one pivot bond with re- 
stricted rotation. 

(A) Compounds Containing Only One Pivot Bond with Restricted 
Rotation. There is no reason why the phenomena observed in the earliest 
instances should be confined to simple derivatives of biphenyl. Sub- 
stituted binaphthyls, bipyrryls, bipyridyls, as well as mixed compounds 
like phenylnaphthalenes and phcnylpyridines, should act in similar fash- 
ion. Indeed, there is no reason why either of the pivot atoms must be a 
ring member if the conditions for dissymmetry and interference are ful- 
filled. Compounds have already been prepared where only one of the 

4 Turner and Le I'evre, Chemistry & Industry, 45, S31, 883 (1926). 

6 Boll and Kenyon, ibid., 45, 8G4 (1926). 

6 Mills, ibid., 45, 884, 905 (1926). 
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pivot atoms is a ring member, but none has as yet been synthesized in 
which both pivot atoms are in non-ring structures. 

In the earlier experiments on derivatives of biphenyl it was assumed 
that a given number of substituents ortho to the pivot atoms must be 
other than hydrogen, but the fundamental hypothesis does not demand 
this. Optically active compounds in the bicyclic series containing 4 , 3 , 2 , 
or 1 non-hydrogen substituents in the four positions ortho to the pivot 
bond have been obtained. In fact, a hypothetical optically active mole- 
cule with no ortho non-hydrogen substituents can be written and will be 
discussed in the latter part of the section. 

The occurrence of cnantiomorphism in biphenyls depends upon the 
specific properties of the univalent substituents present. If these sub- 
stituents are designated by a, 6, etc., it is impossible to determine by 
inspection of the type structural formula whether the substance exists 
in enantiomorphic forms. 

In the biphenyl and closely related series, when the dissymmetry 
conditions have been met, the occurrence of enantiomorphism would be 
expected to depend upon (a) the size of the ortho substituents; (6) the 
effect of the various influences on the length of the pivot bond and the 
rigidity of the ortho substituents. Temperature and solvent would be 
expected to play a role. Furthermore, substituents other than ortho 
might modify the relations of the groups to one another around the pivot 
bond. 

(B) Compounds Containing More Than One Pivot Bond with 
Restricted Rotation. Considerations analogous to those discussed under 
(A) hold here. Compounds such as dipyrryl benzenes, for example, 
should act much like diphenyl benzenes. The dissymmetry and inter- 
ference conditions are the only ones necessary for the occurrence of 
stereoisomeric forms. Molecules with proper ortho substituents have 
been obtained in the expected number of isomers, but it is possible to 
formulate compounds which should exist in stereoisomeric forms though 
no ortho substituents are present. 

With two pivot bonds and restricted rotation, various forms of 
stereoisomerism can occur. Optically inactive meso forms, pairs of 
optically inactive diastcreoisomers (cis and tram) may result if the uni- 
valent substituents are properly distributed over the molecular skeleton. 

All forms of stereoisomerism among these compounds depend upon 
the specific properties of the univalent substituents and cannot be in- 
ferred by consideration of the type structural formula alone; they de- 
pend on the same specific influences (size of substituents, temperature, 
solvent, etc.) which condition the occurrence of enantiomorphism in 
compounds containing only one pivot bond with restricted rotation. 
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X-Ray Data 

Mills, 6 in proposing the purely mechanical idea of stcric hindrance 
between the ortho substituents in the substituted biphenyls so as to re- 
strict rotation, built up a model from atoms drawn to scale. He was thus 
able to demonstrate that two bulky ortho substituents in the one ring 
would interfere with the free rotation of the second ring, owing to col- 
lisions between them and the third ortho substituent. For example, in 
2 -chloro- 6,6 -dicarboxybiphenyl (XVI) the carboxyl group attached to 



the lower nucleus can pass neither the chlorine atom (largo shaded circle) 
nor the other carboxyl group, and hence is confined to a limited region in 
front of the plane of the upper ring. On the other hand, if two of the 
groups are small, free rotation is possible. This is in accord with the facts 
in the case of diphcnic acid and its derivatives in which the remaining 
two ortho hydrogens are unsubstituted, for in these compounds the two 
ortho hydrogen atoms are not bulky enough to prevent the free rotation 
of the two rings about their common axis. 

The further application to the biphenyl problem of values of atomic 
size, obtained by physical measurements, was a natural development. 
Atomic dimensions inferred from x-ray data were used to demonstrate 
the probability of collision between the amino and methyl groups in 
2,2'-dimethyl-6,G'-diaminobiphenyl. 7 

7 Mciscnhoimer and Horing, Bcr 60, 1425 (1927). 
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Methods have been suggested which permit definite predictions con- 
cerning the resolvability of any given biphenyl. Stanley and Adams 8 
called the difference between the sum of the intemuelear distances * of 
the 2,2 '-substituents and the distance between the 2,2' ring carbon 
atoms 9 (2.90 A) the “interference value" and demonstrated that this 
value measured the relative degree of interference that might be expected 
in the molecule. Where the interference value was negative, the com- 
pound could not be resolved; where positive, it could be resolved. Mole- 
cules with only a slight positive interference value raecmized readily. 
The estimated interferences paralleled to a surprising degree the relative 
racemization rates of 2,2',6,6 / -tetrasubstituted biphenyls as found 
experimentally but did not conform to the results obtained in the study 
of 2,2'fi-tri- or 2, 2 '-disu bsti tilted compounds. The method is purely 
empirical. 

The building of models for the biphenyls 10 in which the atoms are 
drawn to scale as spheres and then predicting the interference of the 
2,2 '-substituents has been a common procedure. It is uniformly satis- 
factory only for the 2,2',6,6'-tetrasubstituted biphenyls. It involves 
arbitrary assumptions as to the effective diameter of various atoms (i.c., 
as to how 7 close atoms can approach without interfering), and thus like 
the previous approach to the prediction of resolvability must be con- 
sidered empirical. 


Experimental Evidence for the Coaxial-Noncoplanar Model 

The concept of the coaxial-noncoplanar configuration and the theory 
of restricted rotation are more or less inseparable. Actually the former 
is much more fundamental and the latter supplementary. Experiments 
which may verify the restricted rotation theory incidentally will prove 
the noncoplanar configuration. On the other hand, those investigations 
which offer merely additional evidence in favor of the noncoplanar model 
may advantageously be considered separately for the clarity of presenta- 
tion. 

The biphenyl molecules with three or four substituents in the 
2,2',6,6'-positions w T hich have been resolved are now well over fifty in 


8 Stanley and Adams, J . Am. Chem. Sue., 52, 1200 (1030). 

* The "intemuelear distance” refers to the distance, as determined by x-rays and 
adjusted for aromatic compounds, from the ring carbon atom to the substituent group, 
Cl, NO 2 , CHs, etc. Where the substituent has atoms or groups attached to it, as the 
NO 2 or CH 3 , allowance was made for the additional effect of such atoms or groups. 

9 Dhar, Indian J. Phyn., 7, 43 (1932). 

10 Lcsslie and Turner, J. Chem. Sec., 2021 (1932). 



OPTICAL ISOMERISM 353 

number and represent a wide variety of types. A description of these 
may be found in the original publications. 3, 7 ,11 * 45 

A natural extension of the study has been made into fused ring 
systems. If the coaxial-noncoplanar view is correct, properly substituted 
binaphthjds, bianthranyls, and molecules of a similar nature should 
show optical isomerism. Many such compounds have been resolved. 46 ' 52 

Elimination of Optical Activity through 2,2'-Ring Closure. One of 
the most interesting and convincing pieces of evidence demonstrating 
the noncoplanar structure for substituted biphenyls was found by a 
study of certain 2,2 r ,G, 6 -substituted biphenyls which contain groupings 

11 Christie and Kenner, ./. Chew. Hue., 470 (1920). 

12 Sako, Hull. Chem . Sac.. Japan, 9, 393 (1934). 

13 Christie, James, mid Kenner, J. Chem. Sac., 123, 1948 (1923). 

14 Yuan and Hsu, ./. Chinese Chan. Sue., 3, 200 (1935). 

15 Kenner and Turner, J. Chem. Soc., 2340 (1928). 

18 Stanley, McMahon, and Adams, J. Am. Chan. Soc., 55, 700 (1933). 

17 Kenner, Chemistry tfc Industry, 46, 219 (1927). 

18 Li, Doctoral Dissertation, University of Illinois, 1934. 

19 Mnsrarelli, A Hi neend. Lined, 6, 00 (1927). 

20 Sako, Mem. Coll. Kug. Kyushu Imp. Univ., 6, 203 (1932). 

21 Kleiderer and Adams, J. Am. ('hem. Sac , 53. 1575 (1931). 

22 Kleiderer and Adams, ibid., 55, 710 (1933). 

23 Angeletti and Guala, Gazz. chim . ital., 61, 051 (1931). 

24 Angeletti, ibid., 62 , 370 (1932). 

!S Angeletti, ibid., 65, 819 (1935). 

28 Angeletti, ibid., 63, 145 (1933). 

27 Boll, J. Cheat. Soc., S35 (1934). 

28 Van Arendonk, Becker, and Adams, J. Am. Chem. Soc., 55, 4230 (1933). 

29 Using and Adams, ibid., 58, 587 (1930). 

30 Moyer and Adams, ibid., 51, 030 (1929). 

31 Knauf and Adams, ibid., 55, 4704 (1933). 

32 Bock, Moyer, and Adams, ibid., 52, 2054 (1930). 

33 White and Adams, ibid., 54, 2104 (1932). 

34 Bell and Robinson, ('hern. Soc., 1095 (1927). 

38 Christie and Kenner, ibid., 123, 779 (1923). 

36 Christie, Holderness, and Kenner, ibid., 071 (1926). 

37 Stearns and Adams, J. Am. Chan. Soc., 52, 2070 (1930). 

38 Lesslie and Turner, J. Chem. Soc., 1758 (1930). 

39 Stoughton and Adams, J. A/». Chem. Soc., 52, 5203 (1930). 

40 Adams and Hale, ibid., 61, 2825 (1939). 

41 Stoughton and Adams, ibid., 54, 4420 (1932). 

42 ( ‘liie.n and Adams, ibid., 56, 17S7 (1934). 

43 Hanford and Adams, ibid., 57, 1592 (1935). 

44 \ nan and Adams, ibid., 54, 4434 (1932). 

4j Li and Adams, ibid., 57, 1505 (1935). 

46 Kuhn and Goldfinger, A««., 470, 183 (1929) ; Wit tig and Petri, Ann., 505, 25 (1933). 

47 Kuhn and Albrerht, Jnn,, 465, 2S2 (1928). 

48 Stanley and Adams, lice. trav. chim., 48, 1035 (1929). 

49 Murahashi, Sci . PafKnt Inst. Phys. Chem. Research (Tokyo), 17, 297 (1932). 

M Ioffe and Grachev, J. Gen. Chem. ( C.S.S.R. ), 5, 950 (1935). 

1,1 Kuhn and Albrerht, dnn., 464, 91 (1928). 

A Wallis and Moyer, J. Am. Chem. Soc., 55, 2598 (1933). 
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capable of producing rings through the 2, 2 '-positions. When 2,2'- 
dimcthyl-6, 6 '-diaminobiphenyl 7 (XVII) is acetylated, the introduction 
of acetyl groups does not effect any noticeable raccmization. The diace- 
tyl compound (XVIII), in turn, is oxidized to the dicarboxylic acid 
(XIX) which is still optically active, but when the latter is hydrolyzed 
by cold acid, an inactive dilaetam (XX) is obtained. 



d 

XVII 



CO-XH 

/ \ 


v/~v/ 


NH-CO 

(Inactive) 

XX 


The same phenomenon was noticed in 2-nitro-6,6'-dicarboxybiphenyl, 
the d-form of which produces the corresponding optically inactive 
fluorenone when it is warmed with sulfuric acid. The fluorenone could 
not be resolved. 53, 5,1 ’ 55 Similar observations 46, 47 were made on other 
compounds in which a five- or six-membered ring linked the 2- and 2'- 
positions. 

The disappearance of optical activity cannot be attributed to race- 
mization, since the optical isomers are stable under the conditions of ring 
closure. Before the 2- and 2 '-positions are linked in a ring the molecule 
has the coaxial-non coplan ar configuration. On the basis of the present 
knowledge of the stereochemistry of ring compounds, five- or six-mem- 
bered rings joining the two benzene rings of a biphenyl nucleus through 
ortho positions are planar. As soon as the 2- and 2'-carbons are linked by 
such a ring system, the two halves of the molecule are forced into a 
coplanar configuration. Thus a plane of symmetry is introduced into 
the molecule and optical activity disappears. 

43 Bell and Robinson, J. Cham. Soc., 2234 (1927). 

54 Kuhn mid Jacob, Her., 58. 1432 (1925). 

44 Underwood and Kochmann, J. Am. Chem. Soc., 46, 2069 (1924). 
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It is accepted that rings larger than six-membered are ordinarily 
strainless and nonplanar. If the 2- and 2 -positions in a resolvable 
biphenyl derivative are linked therefore in a strainless ring, the two 
nuclei of the molecule can still be noncoplanar and the potential optical 
activity can remain. This was demonstrated by the condensation of 
d-2,2'-diamino-l,T-binaphthyl with benzil; 46, 56 the product was highly 
active (XXI). In this case the 2,2'-earbons are in an eight-membered 
ring. Several analogous optically active molecules containing seven- 
membered rings have been described, 56, 57 of which one is shown in 
formula XXII. 



Unsymmetrical Substitution in Each Ring. It is implied in the 
coaxial-noncoplanar model of a biphenyl that each ring in itself must be 
unsymmetrically substituted in order that no vertical plane of symmetry 
may exist and the compound may therefore be resolvable. When the 
coaxial-noncoplanar theory was first suggested, the active compounds 
known at that time, and even those prepared directly afterward, con- 
tained different groups in the 2,2'- or 6,6'-positions. They are repre- 
sented by examples in Series C. 



Seriee C 


However, a phenyl group can be unsymmetrically substituted in 
several ways. 58, 59 All the 2, 2 ; ,(>, ^-positions may be occupied by 
identical atoms or groups, provided that substituents meta to the linkage 
of the two rings make each ring unsymmetrical. Formulas in Series D 

ss Tauber, Iier., 25, 3287 (1892) ; 26, 1703 (1893). 

67 Wittig and Petri, Ann., 505, 25 (1933). 

M Maecareili, Gazz. chim. itah, 58. 791, S65 (1928). 

ta Hyde and Adams, J. Am. Chcm. Soc., 50, 2499 (1928). 
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represent a few of the possibilities in molecules containing at least two 
identical ortho substituents in the same ring. 



Series D 


A number of these have been prepared and resolved 30, 32 ' 33 ■ 37 
(XXIII, XXIV, XXV, XXVI). All the active forms are exceedingly 
stable. 


/A Hj c 5i 

OH./ \ — QCH, 

nVcHs CHlNH2 


H0 2 C NO. 


NOj 

N0 2 C0 2 II 




II0 2 C NOj 


XXVI 


The general idea of a coaxial-noncoplanar structure for substituted 
biphenyls, with the supplementary assumption of no vertical plane of 
symmetry in each ring, was quickly and generally adopted. The fact 
that compound XXVII could not be resolved demonstrates that a 
symmetrically substituted biphenyl is not capable of resolution even 
though ortho groups of the proper character may be present 28 (see also 
p. 371). 



xxvn 


Physical Data. Certain physical data have appeared which sup- 
port the noncoplanar concept. From an x-ray study 60 the conclusion 
was drawn that, in certain 2, 2 ',6, 6 '-derivatives of biphenyl, the two 
rings are in planes turned from each other at an angle not greater than 
45°, while the rings in biphenyl itself are coplan ar. Dipole measure- 

« Clark and Pickett, ifnd., 53, 167 (1931); Pickett, Nature, 131, 51." (1933); Prve. 
Roy . Soc . (London), 142 A, 333 (1933). 
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ments 61 upon optically active 2 J 2 / -diamino-6 J 6 / -dimethylbiphenyl (XVII) 
have led to pertinent results. Of the three possible formulas given below, 
XVI la, which is coplanar, should give no moment, while XVI 15, also 
coplanar, gives a calculated moment of 1.99 X 10~ 18 . The value actu- 
ally found was 1.(56 X 10 -18 , thus offering evidence for formula XVIIc. 
It may be calculated from these measurements that the angle of the two 
planes in this molecule is 67°. 

NH 2 CHa _NH 2 NH 2 NII a ^ tt 

ch 3 ch 3 // 

h c 

XVII 

Absorption spectra measurements on various biphenyls 62 have shown 
that compounds with established restricted rotation exhibit a marked 
decrease in the characteristic absorption compared with similar com- 
pounds where this restriction is not present. This decrease is attributed 
to the prevention of conjugation between the two rings due to the non- 
eoplanar configuration of the rings caused by the restriction of rotation. 

A study of resonance energies of several biphenyl derivatives also 
indicates that the rings are not coplanar. 63 

The comparative stability of the more easily racemized biphenyls has 
been determined generally by means of half-life periods. The decrease in 
optical activity obeys the law of a reversible first-order reaction, 64 and 
the rate of racemization may be expressed in terms of half-life periods. A 
kinetic study of the racemization of 2,2'-diamino-G,6'-dimethylbi- 
phcnyl 65 has confirmed that in this case at least the racemization both 
in the gaseous phase and in solution is homogeneous and unimolecular. 
The activation energy was determined and it was concluded that approx- 
imately 22.5 keal. is necessary to bend the bonds and overcome the 
repulsion to such an extent that the planar model is possible. It was 
deduced also that any biphenyl compounds possessing an activation 
energy for racemization less than about 20.0 keal. would racemize too 
rapidly to be resolved. 

The activation energies of a variety of optically active biphenyls 66 

61 Bergmann and Engel, Z. physik . Chan., 15B, 85 (1931). 

62 Pickett, Walter, and l-’ranoe, J. Am. Chcm. Soc ., 58, 2296 (I93G); Pickett, ibid., 
58, 2299 (1930) ; O’Shmighm-nsy and Iiodebush, ibid., 62, 29UG (19-10). 

63 Brull, Gazz. chim. itai. , 65, 2S (1935). 

64 Kuhn and Albrecht, Arm., 455, 272 (1927) ; 458. 221 (1927) ; Smith, J. Am. Chem. 
R °c- : 49, 43 (1927). 

es Kistiakowsky and Smith, J. Am. Chem. Soc., 58, 1043 (1936). 

00 Li and Adams, ibid., 67, 1505 (1935). 
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with widely varying half-life periods have been determined. They all 
fall within 18.0 and 25.0 keal. Since the activation energies cannot be 
determined with an experimental accuracy sufficient to allow this 
constant to be used for a comparison of the relative stabilities of such 
compounds, the half-life periods mmst be used for this purpose. 67 

Characteristics of Biphenyl Isomerism 

The peculiarity of the stereoisomerism in the biphenyl and related 
series should be explicitly pointed out. The t heory of van’t Hoff predicts 
that any compound of the type XXVIII should exist in two stereo- 

b 

I 

a-C-c 

d 

XXVIII 

isomeric forms — assuming that the substituents a, b, c , d are univalent 
radicals which are not in themselves optically active. It is the very es- 
sence of this theory that the existence of the two isomers is in no wise 
dependent upon the specific properties of the individual radicals, but is 
conditioned solely by the fact that all four are different. Like con- 
siderations hold when van’t Hoff’s idea is applied to compounds con- 
taining more than one asymmetric carbon atom; they are equally ap- 
plicable to cyclic and to open-chain compounds; they account for the 
stereoisomerism in the allene and spirane series; and they apply also to 
molecular dissymmetry such as that observed among the inositols. Even 
the stereoisomerism attributed to elements other than carbon can be 
explained without change in this aspect of the van't Hoff theory. 

However, the stereoisomerism in the biphenyl and related series is 
not in accord with this widespread rule. A pair of substances has been 
prepared which illustrates perfectly the impossibility of predicting the 
number of stereoisomeric forms of the compound defined only by the 
type formula XXIX. The compound 2,2',4 ) 4 / ,5,5 / ,6,0'-octamethyl- 

a a a a 

OO 

b a a b 

XXIX 

S.S'-biphcnyIdisulfonic acid (XXX) was resolved into its optical antipodes, 
<T Adams and Kornblum, ibid., 63, 188 (1941). 
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and the active forms cannot be racemized by any of the usual methods. 31 
On the other hand, attempts to resolve the corresponding biphenyl-3 ,3 '- 
disulfonic acid (XXXI) were unavailing. 


H 3 C 



h 3 c_ch 3 

<~>CH 3 
H 3 C SOjH 



Thus, if a is the hydrogen atom in the general formula XXIX, 
there is one form; if a is the methyl radical there are two. In other 
words, the number of forms is not a type property of the molecule, but 
depends upon the specific nature of the univalent substituents. It is 
thus evident that no mere extension of the van’t Hoff theory (such as 
the one introduced by Werner) can account for the stereoisomerism in 
the biphenyl and analogous series. 

The discussion of biphenyls has been limited to those which are cap- 
able of resolution. It is important to recognize, however, that any 
biphenyls in which the ortho groups interfere with each other will have 
restricted rotation and a noneoplanar structure, even though they are 
non-resol vable on account of symmetrical substitution in the rings. They 
differ therefore from biphenyls in which no ortho groups are present or in 
which the ortho groups do not interfere, since the latter will have free 
rotation in the molecules. 


Experimental Evidence Relative to the Size of the 2, 2', 6, 6 '-Groups 

The preceding discussion has established satisfactorily the coaxial- 
noncoplanar structure of biphenyls which have certain substituents in 
the 2, 2', 6, 6 '-positions and are unsymmctrieally substituted in each ring. 
More specific information in regard to the character of the 2, 2', 6,6'- 
atoms or groups and their relative effect upon the restriction of free 
rotation between the rings of the biphenyl molecule will now be con- 
sidered. 

Up to 1930 the antipodes of all the known ortho - tetra substituted re- 
solvable biphenyls were found to be highly stable; they could not be 
racemized in boiling acid, alkaline, or neutral solution. On the other 
hand, the trisubstituted compounds 37 were found to racemize in boiling 
solutions. On the basis of the obstacle theory, the difference between 
these two classes of compounds is explicable. 

The racemization of active biphenyl derivatives or mutarotation of 
their salts may be explained by the fact that thermal agitation causes 
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the groups in the 2,2',6,6 , -positions to slip by each other. The nuclei 
to which they are attached are thus allowed to pass through the common 
plane, and one active form changes into the other. 

The obstacle theory further leads to the prediction that, merely by 
modifying properly the size of the 2, 2', 6, 6-groups, optically active 
biphenyls with widely varying degrees of stability to racemization may 
be prepared. The study of the comparative rates of racemization of 
different active biphenyls offers a semi-quantitative approach to the de- 
termination of the importance of the size of the groups in relation to the 
blocking effect. 

Several pertinent and interesting phases of this general problem have 
been studied experimentally: (a) The preparation of 2,2',fi,6 -tetra- 
substituted biphenyls which, unlike those at first studied, are noil-resolv- 
able; (6) the preparation of tetrasubstituted compounds which readily 
racemize and of trisubstituted compounds which are immune to race- 
mization; (c) the comparison of groups by a study of the rates of racemi- 
zation of a series of biphenyls in which two of three substituents or 
three of four substituents in the 2, 2', 6, 6 -positions remain constant and 
the third or fourth is varied; (d) the observation of rotational changes 
during the replacement of one or two groups in the 2,2', 6, 6'- -positions 
by other groups; (c) the preparation of active 2,2 '-dis ubstituted and 2- 
monosubstituted biphenyls; (f) the effect on rates of racemization of a 
modification of the atoms or groups combined to the atoms attached to 
the ring in the 2,2',6,6'-positions; (g) the effect upon the stability of the 
active molecules of additional groups substituted in positions other than 
the 2, 2 ',6,6'; (k) the comparison of biphenyls in which the identical 
triplets of groups in the ortho positions hold different, relative positions 
to each other; (i) the comparison of the rate of racemization of active 
biphenyls and their salts. 

These lines of research will be discussed in order. From the practical 
standpoint, the problem of studying the desired effects lies in the selec- 
tion of the proper groups to substitute in the biphenyl and the prepara- 
tion of such compounds. Evidence from many sources indicates the 
fluorine and hydroxyl or methoxyl to be among the smallest atoms or 
groups other than hydrogen; amino and carboxyl groups are not much 
larger. 

It is deserving of mention that, in the resolution of a biphenyl of 
which the optically active forms are very easily racemized, either a single 
diastereoisomeric salt is isolated or two diastereoisomeric salts, one of 
which is very readily converted to the other. This is due to the fact that 
the ease of rotation about the single bond between the two phenyl nuclei 
leads to the facile interconversion of one salt to the other when in solu- 
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tion, thus resulting in an equilibrium mixture. Upon isolation of the 
salts, however, the less soluble precipitates first, and, as more is taken 
from the solution, the more soluble rearranges to the less soluble. Only 
by the use of different solvents can both salts of such a compound some- 
times be isolated in solid form. The active salts thus obtained naturally 
show mutarotation in solution owing to the formation of an equilibrium 
mixture of the diastereoisomeric salts. 

Non-Resolvable 2,2',6,6 -Tetrasubstituted Compounds. The follow- 
ing 2,2',G,G'-tetrasubstituted biphenyls 68, 69, 70 (XXXII, XXXIII, 
XXXIV, XXXV), resolution of which could not be effected, were 
prepared. It appears, then, that these arc truly 2,2 , ,G,6 -tetrasubstituted 
biphenyls in which the ortho groups do not interfere sufficiently to allow 
resolution. 


Cl F 


F C0 2 H 


IIO 2 C F F Cl 


xxxi 1 

CH 3 ch 3 
0 0 C0 2 II 

ho 2 c 0 o~ 

CII 3 ch 3 

xxxiv 




OCHi F CO 2 II 


IIO 2 C F 0 CH 3 

XXXIII 

CH 3 CH 3 
0 0 NH 2 


Yj\J 

h 2 x 0 0 

CH* CH 3 

XXXV 


Resolvable but Easily Racemized Biphenyls. The compounds 8 ’ I6, 21 
XXXYl and XXXVII were synthesized and found to raeemize very 
easily when wanned in a neutral solvent. They are thus in sharp con- 
trast to the stable active biphenyls earlier studied. Greater stability 
was found in XXX VIII. 



xxxvi 



To make certain that the size was of primary importance and that no 
specific {‘fleet of the fluorine or methoxyl groups was involved, still 

68 Kleiderer and Adams, J. Am. Chem. Soc., 55, 4219 (1933). 

09 Van Arendonk, Cupery, and Adams, ibid., 55, 4225 (1933). 

70 Becker and Adams, ibid., 54. 2973 (1932). 
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larger groups along with the fluorine and methoxyl groups were intro- 
duced into the molecule. The active forms of XXXIX do not racemizc. 22 
In a similar manner XL and XLI give relatively stable active forms 
which racemize only slowly at higher temperatures. 28 



Although the 2,2',6-trisubstituted biphen}ds studied in the earlier 
researches could be racemized at high temperatures, 37 the active forms 
of XLII are perfectly stable under the usual conditions of racemization. 


N0 2 


no 2 



Relative Effect of Various Groups in Restricting Rotation. A direct 
comparison of the effect of different groups was obtained by a study of 
2,2',6-trisubstituted biphenyls, in which the group in one position only 
was modified from member to member of the scries. The two following 
sets of compounds were prepared: 41,44 (a) 2-X-2'-nitro-6 / -carboxybi- 
phenyl (XLIII), where X = methoxy, methyl, carboxyl, or nitro; and 
(6) 2-Y-5-methyl-2'-riitro-6 / -< , arboxybipheriyl (XLIV), where Y = fluor- 
ine, chlorine, or bromine. 


N0 2 



XLIII XLIV 


Evidence will be presented later to show that the presence of a 6 '- 
methyl group in series XLIV probably has very little effect upon the 
racemization rates; therefore a direct comparison of the compounds 
XLIII and XLIV is permissible. 

From the half-life periods it appears that the relative interference 
effects of the seven groups studied are in the following order: Br > CH3 
> Cl > N0 2 > C0 2 H > OCH3 > F. Racemization tests in various 
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solvents do not modify the results. It is interesting that the order from 
first to last parallels the decrease in the size of the groups as determined 
by x-ray data. 

Experiments have been performed which demonstrate the methoxyl 
to have a greater hindering effect than the hydroxyl. It was found 
possible to resolve 2-methyl-4-carboxy-6-nitro-2'-metlioxybipheriyl 
(XIjV) but not the corresponding hydroxy compound. 71 



XLV 


Replacement of a Group in the 2, 2', 6, 6 '-Position of an Optically 
Active Biphenyl. By a Hofmann rearrangement 52 (p. 977), d-3,o-dinitro- 
6-tf-naph thy lbenz amide (XLVI) was converted into cf-3, 5-dinit ro-6-a- 
naphthylaniline (XLVII) and the latter was obtained with a maximum 
rotation. 



XLVI 



XLVII 


Active 6,0 '-diamino-2, 2 , -bitolyl (XYII) was converted into active 
6,6'-diiodo-2,2'-bitolyl (XLVI II), active 6-nit ro-2-methy 1-2 '-carboxy bi- 
phenyl (XLIX) into active 6-nitro-2-methyl-2 -aminobiphenyl 27 (L), 



XVII XLVI II XLIX l 


and active 2-bromo-2'-amino-6,6 / -bitolyl into active 2,2'-dibromo- 
G,6'-bitolyl. 28 The mechanism of such replacements is not clear. If 
the view is accepted that in these processes no free radicals are 
involved, no new deductions can be drawn from the experimental results. 
On the other hand, if free radicals are assumed as intermediates, it fol- 
lows that the life period of the free radicals must be very short as com- 
pared with the time of rotation of the aromatic nuclei about the inter- 
luiclear bond. 

71 Adams and Teeter, ibid., 62, 2188 (1940). 
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2,2 - and 2-Substituted Biphenyls. From the preceding discussion 
the possibility of resolution of certain 2,2'-disubstituted biphenyls would 
be predicted provided that the substituents are of proper size. Several in- 
vestigators attacked this problem simultaneously. The resolution of LI 
was reported. 72, T3, 74 This compound can be considered a disubstituted 
biphenyl with the C — C0 2 H groups in the 2- and 2 '-positions. The 
existence of optical isomers even though relatively unstable indicates 
that these groups are sufficiently large to interfere with the hydrogen 
atoms. The instability of this active compound as compared with that 
of its very stable isomer LII is striking. The preparation and resolution 
of LIII were also successful. 74 Its active forms are less stable than those 
of LI. A third compound (LIV) was found to be non-resolvable; hence 



it appears that with only one substitution the molecule is much more 
mobile. 

The optical resolution of several 2,2 / -disubstituted biphenyls fol- 
lowed shortly: (LV), 75 (LVI), 76 (LVII), 77 (LVTII), 78 and the correspond- 
ing analog of LVIII with two methyl groups in place of the phenyls 
attached to the carbon holding the hydroxyl, 79 and (L1X) 80 and the 
corresponding bromide. 81 The active forms of all these compounds are 
easily racemized substances. 

72 Stanley, ibid., 53, 3104 0931). 

73 Corbcllini, Atti. acaul. Lined, 13, 702 0931). 

74 Meisenheimer and Beisswenger, Ber„ 65, 32 (1932). 

75 Leselie and Turner, Chem. Hoc., 2394 (1932). 

76 Leeslie and Turner, ihid., 2021 0932). 

77 Shaw ant! Turner, iWi., 135 (1933). 

78 Corbellini and Pizzi, Atti. accad. Lined , 15, 287 (1932). 

79 Corbellini and Angeletti, find., 15, 908 (1932). 

80 Searlu and Adams, ,/. Am. Cham, Hoc., 55, 1049 (1933). 

81 Searlc and Adame, ihid., 56, 2112 (1934). 
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lviii L ix 

It is also interesting that the two ortho substituents may be in the 
same ring, 82 as 2 ) 0-dibromo-3,3'-diamino*-l,l'-bitolyl (LX) was resolved. 
The active forms racemize slowly in solution. 

ihe possibility of the resolution of a monosubstituted biphenyl is ap- 
parent, and partial success has been obtained. 83 The d~ c amp ho r s u 1 fo n- 
ate of 3 -bromobiphcnyl-2-trimethylarsonium iodide (LX1) is reported 
to show some mutarotation. 



Although no biphenyls have been resolved which do not contain at 
least one non-hydrogen substituent in the 2, 2', 6, 6 '-positions, it is not 
impossible that one might exist. It is obvious that two radicals of the 
type in LXII should combine to give a molecule in which restricted 



IjXII lxiii 


82 Patterson and Adams, ihid., 57, 7(V2 (1935). 

83 Leslie and Turner, J. Chcm. Soc.. 1588 (1933); see also Adams and Cairns, J. 
Aw. CW Soc., 61, 2179 (1939). 
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rotation exists at the pivot bond. Similarly, if two of the radicals shown 
in LXIII are substituted in the para positions of benzene, a molecule 
might be produced with two pivot bonds and two points of restricted 
rotation. 

Steric Effects of Atoms or Groups Combined to the Atom Attached 
to the Ring. The steric effect of the hydrogens in the hydroxyl, the 
amino, or the methyl groups might be expected to bo appreciable. More- 
over, such an effect probably would be greater in the methyl than in the 
amino, and greater in the amino than in the hydroxyl group. Such in- 
fluences undoubtedly would vary widely, though they probably would be 
small on account of the free rotation between the atom holding the 
hydrogens and the carbon atom of the ring to which it is attached. With 
larger nuclei combined to the atom attached to the ring, greater influ- 
ences might be exerted, depending upon the sphere of influence and 
character of the atoms present. 

An indication of what may l)e expected can be seen in a comparison 
of the racemization rates of the active acid, ester, and amide of 2,2'- 
dimethoxy-G^'-dicarboxybiphenyl 16 (LXTV). In glacial acetic acid 
the half-life periods of the acid, ester, and amide are 78, 88, and 240 
minutes, respectively. The NH 2 part of the — CONH 2 group is sterically 
much more effective than an hydroxyl or ethoxyl in the same position. 

In a similar manner, a comparison was made of the racemization 
rate of 2-nit ro-6-carboxy-2'-methoxy biphenyl 46 with those of the cor- 
responding ethoxy and propoxy compounds (LXV). The ratio of 
half-life periods for the methoxy, ethoxy, and propoxy derivatives is 
approximately 1 : 6 : 8 in several of the common solvents. 

Quite as interesting is a comparison of the racemization rates of 
various substituted amides of 2,2'-dimethoxy-6,6'-dicarboxybiphcnyl 84 
(LXYI). In these molecules the following order of stability is found: 
-NH 2 and -N(CI1 3 ) 2 <— N(C 2 H 5 ) 2 <-NHCH 3 <-NHC 2 H 5 . 


OCH 3 


COXff 2 

C02C2H5 

CO z H 


CO2H 

C 0 2 C 2 H; 

conh 2 


och 3 



V/ och 3 

CO2II 0C2II5 
OC 3 H 7 («) 


CON(CiHb)* 
CON(CHj)* 
CONHC2II5 
OCH* CONHCHj 
CONUa 

o 

conh 2 0CHil 

CONHCHj 

CONHC2H5 

CON(CH,) t 

CON(C 2 Hih 



LX IV 


LXV 


LXV I 


84 Hsing and Adams, J . Am. Chem. Hoc., 58, 587 (1930). 
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Substituents in Positions Other than the 2,2 / ,6,6 / . Since the size 
of atoms or groups is due to the fundamental structure of the atoms in- 
volved, i.e., the nucleus and electron shells, it may be said that the 
electrical characteristics of atoms or groups are intimately associ- 
ated with the size. On the other hand, the atoms or groups may be 
considered from the standpoint of polarity. Experiment shows that 
polarity or non-polarity plays an unimportant role. A comparison of 
biphenyl molecules containing four methyls, four chlorines, four nitros, 
four mcthoxyls, and four fluorines in the ortho positions has been made. 
The compounds were resolved and their racemization rates determined. 
The compounds containing the four chlorines and four nitro groups 
which are polar in character are very resistant to racemization. How- 
ever, the compound with four methyl groups, which are essentially non- 
polar and of approximately the same size as the chlorines, is also very 
resistant to racemization. On the, other hand, the tetrafluoro and 
telramethoxy compounds are not even resolvable. In fact, from the be- 
havior of the numerous compounds already studied, it is clear that size is 
the most important factor and that no correlation between the polarity 
and interference effects of the individual groups is possible. Steric in- 
fluences due to the polarity of groups probably produce no more than a 
secondary effect which may be illustrated by properties of active mole- 
cules with additional groups substituted in positions other than the 
2,2', 6, 6'. It was first noted 64 that the half-life period of the active 
compound LXVII in 2 A sodium hydroxide solution at 98° was 18 
minutes, whereas that of LX\ III under the same conditions was 50 



LXVII LXVIII 


minutes. Thus, antipodally the latter was three times as stable as the 
former. This is inexplicable if the 2, 2', 6, 6 '-groups are the only factors 
which affect the stability to racemization of the active molecules. 

Inspection of formulas LXVII and LX\ III shows that the only 
difference is a nitro group in the para position of one ring. 

Later, Adams and his students studied a series of compounds with 
methoxyl, methyl, chlorine, bromine, and nitro substituted in the 3'- 
(LXIX), 44 ’ 85 4'- (LXX), 43 and 5'- (LXXI) 42 positions of 2-nitro-6-car- 
boxy-2'-methoxy biphenyl, where X = OCH3, CH3, Cl, Br, NO2. 


Yuan and Adams, ibid., 54, 29G6 (1932). 



368 


ORGANIC CHEMISTRY 


These were compared with each other and with unsubstituted 2- 
nitro-6-carboxy-2 / -methoxybiphenyl which racemizes readily at room 



XXIX LXX LXXI 


temperature and thus makes possible a fairly accurate polariscopic study 
of the rate of racemization. For each of the fifteen compounds, only one 
alkaloidal salt can be isolated and all these mutarotate in solution. The 
active acids obtained from the salts raeemize readily in organic solvents 
at room temperature. Semi-quantitative data are given in Table I. 


TABLE I 

Half-Life Periods in Minutes of Substituted 

2-NlTR0-6-CARJ30NY-2'-METH0XYBlPHENYL 


Position of Substituent 

Nitro 

Brorao 

Chloro 

Methyl 

Methoxy 

3' 

1905 

827 

711 

331 

98 

4' 

115 

25 

12 

2.6 

3.6 

5' 

35 

32 

31 

11.5 

10.8 


The 3' and 5' compounds were dissolved in ethyl alcohol for racemization studies; the 4' in 
acetone. The temperature used was 25° in all instances. 


From these data it may be deduced that, within experimental error: (I) 
the stability to racemization of each series, whether the groups are sub- 
stituted in the 3'- or 4 - or 5 '-positions, is in the order: H < ()CH 3 < 
CH 3 < Cl < Br < N0 2 ; (2) the stability to racemization of the 4 '-sub- 
stituted compounds is somewhat less than that of the 5 '-substituted 
biphenyls and much less than that of the 3 '-derivatives. One exception 
appears in that the 4'-nitro compound is more stable than the correspond- 
ing 5'-nitro derivative. 

The theoretical basis for and the exact mechanism of this phenomenon 
arc still obscure. One or more, or possibly all, of the following factors 
may be involved: 44 (1) the variation of the valency angle at which the 
ortho substituent on the ring is attached, thus changing the effective 
size of the group; (2) the modification of the internuclear distance be- 
tween the carbon atom of the ring and the ortho substituent; (3) the 
slowing down of the semicircular oscillation of the two phenyl rings by 
substituents, thus diminishing the chances of the complete rotation, 
(4) the modification of the distance between 1,1' carbon atoms; (5) the 
bending of the linkage between the two rings in such a way that the 
rings are no longer coaxial. 
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The experimental results are perhaps significant in leading to the 
conclusion that cause (3) is not a factor, since the substitution of two 
atoms of similar polarity but of different weight, such as chlorine and 
bromine, results in almost identical effects on the rate of racemization. 
The order of increase in stability in the 3'-, 4'-, and 5 '-.series is the same as 
that of the dipole moments of the individual groups introduced into the 
positions indicated. The greater the dipole moment of the group the 
greater is the stability. There is no chemical evidence, however, to 
prove or disprove mechanisms 1, 2, 4, or o. 

It might appear at first, from the relatively large change in the 
racemization rates caused by substituents in positions other than the 
2, 2', 6, 6', that such substituents play a very important role. Neverthe- 
less, it must be considered that the amount of change is something about 
which no quantitative information is available. It is quite possible that 
small changes in interference have a large observable effect, particularly 
on those molecules which are sensitive to racemization under mild con- 
ditions. 

Calvin 86 has suggested that the non-resolvability of 2,2'-dibromo- 
4,4'-diaminobiphenyl in contrast to the resolvability of 2,2'-dibromo- 
4,4 '-diearboxy biphenyl may be explained on the basis of the amino 
groups inducing a greater tendency for formation of the ground state of 
the molecule (LXXI1) which would prevent resolution. 



I.XXII 


Comparison of Isomeric 2,2',6-Trisubstituted Compounds. A series 
of biphenyls in which nitro, methyl, and carboxyl groups are inter- 
changed in the 2,2',6-positions was studied. The racemization rates of 
the three compounds did not correspond to those which would be antici- 
pated from the size of the groups as deduced from the study of the various 
2,2',6,6'-tetrasubstitutcd biphenyls. 40 Similar anomalous results were 
observed in analogous molecules containing methoxyl, carboxyl, and nitro 
groups. 87 

Comparative Rates of Racemization of Active Biphenyls and Their 
Salts. It is desirable to point out here another unexpected phenomenon 
which must be attributed to some factor in the molecule other than the 
size of ortho groups. The rates of mutarotation of the salts of the series 
acids (LXIX), (LXX), and (LXXI) previously mentioned, in which 
a variable 3'-, 4'-, or 5 '-group is involved, do not run parallel to the rates 

Sfi Calvin, J. Org. Chan., 4, 250 (1939). ' 

81 Adama and Finger, J. Am. Chan. Xoc., 61, 2182 (1939). 
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of racemization of the acids. The sodium salts of many optically active 
biphenyl derivatives racemize in aqueous solution more readily than the 
free acid racemizes in organic solvents. It was found, however, that the 
sodium salts of all the substituted 2uiitro-6-carboxy-2'-methoxybiphem 
yls in water racemize less readily than the free acids in organic solvents. 44 
The sodium salts in absolute alcohol, on the other hand, racemize more 
readily than the free acids in the same solvent. 

Polyphenyl Systems 

Compounds having more than one asymmetric carbon atom possess 
a number of dia stereoisomers, and the same phenomenon is to be ex- 
pected in derivatives of properly substituted polyphenyls containing 
more than oik* pivot bond with restricted rotation. 

There are four general types 1 of properly substituted p-diphenyl- 
benzenes, (LXXIII), (LXXIY), (LXXY), and (LXXYI). Type 



y u xx 


LXXV LXXYI 

LXXIII should exist in two diastoreoisomeric forms, each of which is a 
racemic modification, one cis and one irans. Compounds of types 
LXXIY and LXXY should exist in two forms, one meso and one racemic. 
The meso form of LXXIY is the trans form, and the racemic is the as 
form. On the other hand, the meso form of LXXV is the cis form, and 
the racemic is the trans form. It is of interest that the meso form of 
LXXIY has not the usual plane of symmetry, but a point of symmetry. 
In type LXXYI the central ring is symmetrically substituted so no 
optical isomerism is possible. On the other hand, restricted rotation 
can still occur and two geometric isomers, cis arid irans forms, result. 

Properly substituted m- and o-diphenylbonzeno derivatives yield 
analogous, though somewhat different., types of stereoisomers. 1 Quater- 
phcnyls and more complex molecules of a similar type, when properly 
substituted, should exist in many modifications, the number of which 
can be calculated in the usual way. 
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Experimentally only p-diphenylbenzene derivatives have as yet 
been investigated. The possibility for the existence of a meso and a 
racemic modification of substituted p-diphenylbenzenes of type LXXIV 
was demonstrated by the isolation of two stereoLsomeric compounds, 88 
LXXVIi and LXXVIII. Each of the two isomers forms individual series 
of derivatives but oxidizes to the same quinone (LXXIX) . The quinone, 
in turn, upon reduction always gives a mixture of the two hydroquinones, 
(LXXVII) and (LXXVIII). Sufficient interference apparently is not 
present in the quinone to allow the existence of two isomers. 



A second compound 80 (LXXX), in which all the ortho positions are 
filled, furnishes a more suitable compound for testing the validity of the 
predictions. The two stereoisomcrie compounds (LXXX and LXXXI) 


a-fonn-meso-trans /3-form-racemic-m 



88 Browning and Adams, 52, 4098 (1930). 

85 Shildncck and Adams, ibid., 53, 343, -303 (1931). 



372 


ORGANIC CHEMISTRY 


are converted readily to characteristic derivatives. Upon bromination 
they produce the same hexabromo derivative (LXXXII), thus experi- 
mentally confirming the fact that stereoisomers exist only if each of the 
rings is unsymmetrically substituted (p, 355). 

Each of the two tetrabromodimcsitylhydroquinones (LXXX and 
LXXXI), unlike the two dibromodixylylhydroquinones (LXXVII and 
LXXYIII), which oxidize to the same quinone, yields, upon oxidation, 
the corresponding stereoisomeric quinone (LXXXI 1 1 and LXXXI V). 

The additional o-methyl group increases the interference sufficiently 
to produce restricted rotation and thus allows the formation of isomers in 
the quinones. Incidentally, these quinones present an example of re- 
stricted rotation between a benzene and a quinone ring. 

The two di a stereoisomeric dibromoquinones (LXXXIII and 
LXXX IV) with aqueous sodium hydroxide are converted to two stereo- 
isomeric dihydroxyquinones (LXXXV and LXXXYI). These two 
latter compounds upon reduction yield the corresponding tetrahydroxy 
compounds (LXXXYII anil LXXXYIII). The last three pairs belong 
to the p-diphenylben zones of type LXXYI and represent cis and trans 


a-ionn-meso-trans jS-form-racemic-as 




CH 3 Br CII; 

J>ch 3 ch 3 <T^ 

IIjC Br CII 



LXXX VII 


LXXXYIII 


isomers incapable of optical isomerism. On the other hand, the two 
hydroxy quinones and their derivatives represent pairs of cis and trans 
isomers, in each pair of which one is a mem and one a racemic modifi- 
cation. 
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Owing to the small size of the hydroxyl group, the cis form of the 
dihydroxyquinone (LXXXVI) and its diacetate and dibutyrate can be 
converted, by heating in high-boiling solvents, into the corresponding 
trans forms. Similar treatment does not cause the conversion of any of 
the other cis forms in this series. 

The high-melting forms in the dimesitylbenzene and dimesityl- 
quinone series were assumed by analogy to other known pairs of stereo- 
isomers to be the trans modifications, and the low-melting forms to be 
the cis modifications. That this assumption was correct was proved 
experimentally by the resolution of the cis form (LXXXI) and the non- 
resolution of the trans form (LXXX). 90 

These results, though limited in number, show that in the diphenyl- 
benzene system the exact conditions that would be expected from the 
study of the biphenyl series continue to hold. 

A second type of molecule exhibiting two points of restricted rotation, 
with the points more widely separated than in the diphenylbenzenes just 
discussed, is represented by the isophthalimide of 3-nitro-3 '-amino- 
bimesityl (LXXXIX) which has been isolated in stereochemical forms, 
meso and racemic modifications. 91 



Restricted Rotation Due to a Many-Membered Ring in the 
5, 5 '-Positions 

A novel typo of restricted rotation has recently been observed in 
5 J 5'-(polymcthylene)-(liphenic acids (XC). 67 Diphenic acid cannot be 
IIOOC COOII 



3(1 Knauf, Shildncok, and Adams, ihid., 56, 2109 (1934). 
91 Adams and Joyce, ibid., 60, 14S9 (1938). 
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resolved. The polymethylene bridge is capable of preventing the free 
rotation of the two nuclei, thus inducing in the molecule those properties 
resulting in asymmetry and hence in the possibility of optically active 
forms. The molecule containing eight methylenes in the chain has 
greater optical stability than that containing ten (w = 8, half-life 1955 
minutes; n - 10, half-life 1491 minutes at 23° in dioxane). The racemi- 
zation process in these molecules is assumed to be largely concerned with 
slippage of the carboxyl groups past one another. On this basis, the most 
obvious explanation for the difference in rates of raeemization is that, 
the shorter the bridge across the oppositions, the less vigorous are the 
semicircular oscillations which the benzene nuclei undergo about the 
bond joining them. 

Extension into Non-Benzenoid Ring Compounds 

The search for the presence of stereoisomerism in certain substituted 
molecules containing rings of an aromatic but non-benzenoid type is a 
natural development from the study of biphenyl compounds. Such a 
field includes compounds in the series of the phenyl pyridi nos, bipyridyls, 
phenylpyrrolcs, bipyrryls, phenylpyrazoles, etc. The difficulty of 
synthesis, however, is a severe hindrance to the study of these types. 

Phenylquinones, Phenylpyrroles, Bipyrryls, Bipyridyls. In the study 
of terphenyl derivatives 89 two stercoisomeric diphenylquinones 
(LXXXIII and LXXXI\ ) were obtained, and these compounds repre- 
sent the first examples of a biphenyl type of isomerism in compounds 
where one of the rings is not a benzene nucleus. A simple phony lquinonc 
(XCI) was also resolved into optical enantiomorphs. 9 - 

II0 2 CCII 2 0 



No phenylpyridines have as yet been resolved, but an optically active 
bipyridyl fXCIIj which racemizes with ease was obtained. 93 Two salts 
with different rotations were obtained from 2,3'-bipyridyl-2 / ,3-dicat- 
boxylic acid (XCIII). 94 

91 Hill and Adaina, ibid., 53, 3453 (1931). 

93 Woodruff and Adarns, ibid., 54, 1977 (1032). 

94 Brydowna, Roczniki Chnn„ 14, 301 (1934) ; [C. A., 29, 2535 (1935)]. 
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Perhaps the most fruitful and interesting results in the field of bimi- 
dcar compounds other than biphenyls were obtained from the study of 


CO 2 II 


Cdh 



compounds of N-phenylpyrrolc and N,N'-bipyrryl types. These types 
differ from all the compounds previously studied in which both pivot 
atoms are carbon. Substituted N-phenylpyrroles represent a class of 
bicyclic compounds with carbon-nitrogen linkages between the rings, and 
substituted N ,N '-bipyrryls, a class with nitrogen-nitrogen linkages be- 
tween the rings. 95 

The compound XCIV was resolved and the active forms were found 
to be exceedingly stable. Likewise, the optically active bipyrryls 
XCV proved to be unusually resistant to racemization. 96 


H0 2 C CH; 


CO 2 II 

P — 


HOjC CII, 


N- 


ch. 


CH, 


==/ H,C CO,H 

L1I3 


If the usual explanation of the phenomenon in the biphenyl series is 
applied here, there is restricted rotation between the benzene ring and 
the pyrrole ring or between the two pyrrole rings, owing to the inter- 
ference of the ortho groups. In this case, the three valences of each 
nitrogen must bo assumed to be in a single plane or at least to oscillate 
through a configuration in which the two rings are coaxial. With these 
assumptions, more or less the same conditions should hold for optical 
isomerism in phenylpyrroles as in the biphenyl series: groups of proper 
size substituted in the ortho positions and unsyinmetrical substitution in 
each of the rings. Experimental facts have confirmed this view. It was 
impossible 97 to resolve any of the following compounds: XCVI, XCVII, 
and XCVIII. These represent examples of compounds with only two 
ortho substituents and an example of symmetry in one ring. 

95 Lock and Adams, J . Am. Chcm. Sue., 53, 374 (1931). 

95 Chang and Adams, ibid., 53, 2353 (1931). 

97 Bock and Adams, ibid., 53, 3519 (1931). 
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ho 2 c ch 3 ho 2 o ch 3 



ho 2 c CII 3 


xcvm 

If a fixed tetrahedral structure for nitrogen and at the same time 
restricted rotation are assumed, formula XC1X might represent the 
appearance of such a molecule. Under these conditions unsym metrical 
substitution in one ring only would be necessary to produce optical 
isomerism, but this does not agree with the facts (XCYIII). 



xwx 


That optical isomerism in phcnylpyrroles or bipyrryls might be due 
to an asymmetric nitrogen atom is also very improbable, first because of 
the lack of positive results of many investigators in resolving tri valent 
nitrogen compounds, and second because it is difficult to see how changes 
so slight as that from formula XCIY to formulas XCVII and XCYIII 
would eliminate optical isomerism if it were due to the nitrogen. 

Analogous to N-pheny I pyrroles are the N-phcnylcarbazolcs. It was 
found impossible 98 to resolve C, which contains the symmetrical 
carbazole ring, but optical isomers were readily obtained from Cl which 
contains the unsymmetrically substituted carbazole. 


KOi 



c 

98 Patterson ami Adams, ibid., 55, 1009 (1933). 


Cl 
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Dipyrrylbenzenes. As the experimental results indicate that phenyl- 
pyrrole isomerism is very similar to that in the biphenyl series, an exten- 
sion is possible to dipyrrylbenzenes which should exhibit isomerism 
similar to that of the diphenylbenzenes. This was confirmed experiment- 
ally, and it was possible to distinguish the me so and the racemic modi- 
fications by resolution studies." The diastereoisomeric forms of 
the m-dipyrrylbenzenes (CII) were obtained. The less soluble, pre- 
sumably the trans , form is racemic and was resolved into its highly active, 
stable enantiomorphs, while the more soluble, presumably cis, form is 



meso and could not be resolved. The compound CIII, 4,4'-&js-[1-(2,5- 


CH 3 


ch 3 


CsIIiOsC 1 


ch 3 ch 3 


*-/ W \-V 


|C0 2 C 2 H 6 


-X 


cu, ch 3 


dimcthyl-3-carbethoxy)-{)yi’ryl]-biphenyl represents a second molecule 
of this type and was isolated in two stereochemical forms. Similar 
results were obtained with the corresponding 2,5-dimethoxy derivative. 100 


Other Types of Compounds with Restricted Rotation 

The concept of restricted rotation has been applied experimentally 
to the stereochemistry of molecules other than biphenyls or bicyclic 
compounds. 

Carbon-Nitrogen Restriction. The prediction 101 was made that 
storic hindrance similar to that which prevents free rotation of the two 
nuclei in biphenyl might be exhibited by peri-substituted naphthalenes 
(CIV). The nitro derivative (CV) was resolved into rather easily race- 
ouzed enantiomorphic forms, whereas the unnitrated compound (CVI) 

99 Chang and Adame, ibid,, 56, 2089 (1934). 

190 Adams and Joyce, ibid,, 60, 1491 (1938). 

101 Mills and Elliott, J. Chcm. Soc., 1291 (192S). 
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could not. be. This may !>e explained as molecular asymmetry due to 
restricted rotation about the C-N bond because of the collision of the 
R 1 R 2 N-group and the nitro group in the 8-position. No such obstacle 


Rs Ri 



civ 


CsH^Oz CH 2 C0 2 H 
\ / 


X0 2 N 



cv 



exists in the unnitrated compound (CVI), and hence there is no optical 
activity. 

A second analogous illustration of restriction l02, 103 is the resolution of 
CVII in contrast to the non-resolvability of the corresponding tertiary 
base (CVI II) or the corresponding 1-methylquinolinium iodide. 


C 2 H* 

CsHsSOoN C 2 H 6 



cvii 


C 2 H& 

1 

CeHsSOsN 



CVI 1 1 


Mills and Kelham 104 prepared a series of 1 -alky bacylamino-8- 
naphthalenesulfonic acids and resolved these compounds (C1X). The 
acetylmethylamino derivative possessed so high a degree of optical 
stability that the analogously constituted compound (CX) of the benzene 
series was also studied. The brucine salts of compound CX showed 
mutarotation when dissolved in chloroform. An active sodium salt was 


R COR' CH 3 COCIIs 

\ / \ / 



CIX CX 


102 Mills, Tram. Fara/lny Soc., 26, 431 (1930). 

103 Mills and Breekcuridgf.*, J. Ghent. .Sue., 2209 (1932). 

104 Mills and Kelham, ibid.. 274 (1937). 
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also prepared which showed an initial [a] 54 6i of +6.06°. It gradually 
racemized and gave a half-life period at 16.6° of 5.25 hours. 

Other molecules in which restricted rotation between a nitrogen 
atom and a ring carbon atom exists have been described. ThusN-benzoyl- 
4,6,4 -tribromodiphenylaminc-2-carboxylic acid (CXI) and several other 
compounds of a very similar type were shown to possess very weak 
optical stability presumably due to restricted rotation. 105 

More striking in properties arc the compound N-succinyl-N- 
methylbromomesidine (CXII) and the corresponding N-ethyl derivative 


COOH 



C 6 H 5 

cxi 



CH 8 (CiHi) 

X— COCH 2 CH 2 COOH 


cxii 


for their optically active forms possess remarkable stability in contrast 
to all the other previously described compounds (half-life of N-methyl 
9 hours; of N-ethyl 28 hours in boiling n-butanol). 106 Owing to the fact 
that no molecules containing an asymmetric nitrogen atom have ever 
been obtained, the asymmetry in all these substances has been assumed 
to be due to restricted rotation. Confirmation of the soundness of this 
conclusion has been obtained experimentally by (1) bromination of an 
optically active form of compound CXII to an optically inactive dibromo 
derivative (the second bromine is substituted in the vacant position in 
the benzene ring) and (2) nitration of the same form to an optically active 
nitrobromo derivative. 

Carbon-Carbon Restriction. Formulas CXIIT and CXIV represent 
two forms of a substituted aromatic oxime. 107 In the molecule of the /3- 



011 


or-furm 0-form 

CXIII CXIV 


106 Jamison and Turner, ibid., 195-1 (1937) ; 1646 (1938) ; 264 (1940). 
m Adams and Dankert, J. Am. Chcm. Hoc., 62. 2191 (1940) ; Adams and Stewart, ibid., 
2859 (1941). 

101 Mcisenheimor, Theilaeker, and Beisswcnger, Ann., 495, 249 (1932). 
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form of the ketoxime (CXIY), both the hydroxyl and the R groups have 
the possibility of colliding with the x and y groups on the benzene ring. 
Thus, the rotation of the radical R — C=NOH would be restricted and the 
compound could exist in antipodal forms. In the ot-form (CXIII) there 
would probably be no interference between the hydroxyl group and the 
x and y groups, so that the molecule should not be resolvable. 

Experimentally, neither form of CXV could be resolved. Of the 
a- and /3-forms of CXVI, the <*-form could not be separated into cnanlio- 
morphs. The /3-oxime of the same ketone (CXVI), however, yielded 
coniine, cinchonine, and strychnine salts, all of which exhibited imifaro- 
tation in pyridine; hence asymmetry of the molecules is inferred even 
though the optically active acid could not be isolated. The correspond- 
ing ether (CXVII) formed a cinchonine salt which mutarotated in solu- 


N 1 NH2 

ClLJci 


/ c \ / 0H 

H X 


%00 2 H 

OH 


/ C \ /° H 

ch 3 X 


CXV 


(0-form) 

CXVI 


KJ-^Jok 

/ C \ / CHs 

CHj X 

I 

o 

CXVII 


tion and upon decomposition at 0° gave an active ether. The resolution 
of these compounds may be used as evidence for the correctness of the 
Hantzsch-Werner theory for the structure of oximes, and offers a new 
instance of optical isomerism due to restricted rotation. 

The most recent work in the field of molecules with carbon-carbon 
restricted rotation has consisted of a study of certain substituted aryl 
olefins. Many such compounds have now been prepared and resolved. 
The same principles obtain as in the substituted biphenyls. Thus 
Mills and Dazeley 108 observed that o-(j3, /3-dime thy 1-a-isopropylv inyl)- 
phenyltrimethyl ammonium iodide (CXVI II) was readily obtained in 
optically active forms, and these forms proved to be very resistant to 
racemization. Adams and co-workers 109 have also succeeded in rcsoh - 
ing a variety of aryl olefins illustrated by the structures CxiX and CXX. 
The a-methyl derivative of CXIX showed no racemization in boiling 

104 Mills and Dazeley, J. Chem. Sac., 400 (1939) ; see also Maxwell and Adams, J- 
Am. Chem. Hoc., 52, 2960 (1930). 

109 Adams and Miller, ,/. Am. Chem. Soc., 62, 53 (1940) : Adams, Anderson, and MdU'i. 
it, id., 63, 1589 ( 1941 ); Adams and Binder, ibid., 63, 2773 ( 1941 ); Adams and Gross, 
unpublished results. 
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butanol while the corresponding unsubstituted derivative had a half- 
life in boiling butanol of 200 minutes. On the other hand, the com- 
pound represented by CXX racemized in solvents at room temperature. 


CHs CH, 

\h 

tl^-N(CH 3 ) 3 + I- 


CH; 


CH; 


Cl CHj(II) 

I l 

-C=C — COOII 
Ha 


CHj f f Is 
Cl|j^%-C=C-COOII 
ChJI^^JoCIIj 

CXX 


This case of raccmization is undoubtedly due to the decrease in the inter- 
ference arising from the difference in the size of the ring methyl and 
mcthoxyl groups. The i3-(2-methyl-l-naphthyl)-acrylic acids showed 
remarkable optical stability but were less stable than the corresponding 
benzene derivatives. 

The necessity of unsymmetrical substitution in such molecules was 
proved experimentally in the a-methyl derivative (CX1X) by (1) bromina- 
tion of an optically active form to give an inactive dibromo derivative 
(the second bromine enters the vacant ring position) and (2) chlorosul- 
fonation of the same molecule to an optically active bromochlorosul- 
fonyl derivative. 

As yet no successful experiments have tan reported on the resolution 
of substituted diphenylmethanes, diphenylsulfoncs, or diphenylkc- 
toncs. 59, 108 ■ 110 

Carbon- Oxygen Restriction. Ziegler and Luttringhaus 111 prepared by 
the high-dilution technique a variety of diclhcrs illustrated by the 
general formula CXXI. They postulated that if the naphthalene nucleus 
were incapable of rotation within the many-memtaed ring, as would be 




deduced from structural models, optical isomerism should be possible. 
Luttringhaus and GraJhccr 1,2 have demonstrated experimentally that 

110 Maclean and Adams, J. Am. Chcm. »Soc., 55, 4683 (1933). 

111 Ziegler and Luttringhaus, Ann., 511, 1 (1934). 

12 Luttringhaus and Gralheer, Nat uric issc n schaflc n , 16, 255 (1940). 
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such isomerism may result from the entwining of a many-membered 
ring around an otherwise symmetrical structure. They resolved the sub- 
stituted benzoic acid (CXXII) ; its optical activity arises from the dis- 
position of the decamethylenedioxy bridge cither above or below the 
plane of the benzene nucleus. The active forms were very stable. 


SUMMARY 

In the foregoing section, a general discussion has been given of mole- 
cules which may be asymmetric owing to restricted rotation about a 
single bond. The two essential prerequisites for occurrence of optical 
isomerism in compounds of this type are: (1) restricted rotation of the 
planes of symmetry of the radicals about the pivot bond; (2) each of the 
radicals united by the pivot, bond has one and only one plane of sym- 
metry. 

The only important class of such substances which has been studied 
experimental!}' is that of the substituted biphenyls and related com- 
pounds. The present status of this field can be summarized in the 
following four points: 

(1) The stereoisomerism of substituted biphenyls and related com- 
pounds differs from all other types of stereoisomerism in that the number 
of forms cannot be defined by a type formula, but depends upon the 
specific properties of the univalent substituents, 

(2) The resolution of certain substituted biphenyls and the non- 
resolution of others can be satisfactorily explained on the assumption 
that the two benzene rings in a resolvable biphenyl possess a common 
axis but lie in different planes, owing to the restriction of free rotation 
about the axis by the ortho substituents. The resulting configuration is 
asymmetric if the two rings are unsymmetrically substituted. The de- 
gree of restriction of rotation, as manifested by the ease of racemization, 
depends primarily upon the size of the ortho groups. 

(3) The phenomenon persists in terphenyl compounds and binuclear 
compounds other than biphenyls. 

(4) Restriction of free rotation about a single bond has been found 
also in properly substituted aryl olefins and aryl amines. An aromatic 
diether where a naphthalene nucleus is incapable of rotation within a 
many-membered ring has been prepared and resolved. 
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PART IX. OPTICAL ACTIVITY OF FREE RADICALS, CARBANIONS, 
AND CARBONIUM IONS 

Compounds containing only three groups attached to a central carbon 
atom fall into three classes, depending on the electronic distribution 
(pp. 585, 1928). The following formulas, Figs. 1, 2, and 3, indicate the 
three possibilities: 


R I 

- R - 

- 

’ R * 

It':C* 

R':C: 


li':C 

R" 1 

it". 


. it". 

Fig. 1 

Fig. 2 


Fig. 3 


The studies which have been made on the optical properties of these 
radicals have not yet reached a final satisfactory conclusion. The 
student should realize that the discussion in this chapter merely repre- 
sents a summary of the evidence up to the present time. Much of the 
material is controversial, and the conclusions drawn are to a certain 
extent matters of opinion. The discussion should be read, therefore, 
with an open mind in order to get a general survey of the question of the 
optical activity of free radicals, carbaiiions, and earbonium ions. 

Free Radicals (p. 581). A free radical (Fig. 4) is produced by the 
thermal dissociation of hcxaphenylcthanc in non-ionizing solvents. 

(C 6 H 6 ) 3 CC(C 6 H5)3 2(C 6 H 5 ) 3 C- 

Fig. 4 

If three different aryl groups arc attached to the dissociating carbon 
atoms, then the free radical should be capable of existing in enantiomor- 
phic forms (Figs. 5 and 6), provided that the single electron which occu- 


Ar Ar 



Fig. 5 Fig. 6 

pies one of the apices of the tetrahedron possesses the ability to keep the 
molecule optically stable. If it does not, then the molecules will raccmize 
s o rapidly that no optical activity can be observed. 

Wallis and Adams 1 actually found that treatment of a solution of lr 

1 Wallis and Adams, J. Am. Chcm. Soc 55, 3838 (1933). 
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phenyl-p-biphenyl-a-naphthylthioglycolic acid with triphcnylmethyl 
caused the optical activity of the solution to disappear. Evidently the 
free radical, phcnyl-p-biphenyl-a-naphthylmcthyl raccmized as fast as 
it was formed. 

Karagunis and Drikos 2 studied the action of chlorine on phenyl- 
biphcnyl-a-naphthylniethyl in carbon tetrachloride solution under the* 
influence of d- and /-circularly polarized light at two different wave- 
lengths, \ — 4350 and X = 5890. The reaction apparently involves the 
free radical, Fig. 7, and atomic chlorine, producing the triaryl chloride, 




Fig. 8. The determination of the optical rotation of the solution at 
various intervals of time gave the curves shown in Fig. 9. 



It will be noted that, at the end of an hour, the reaction products 
consisted of an excess of either d- or /-triaryl chloride, depending on the 

2 Karagunia and Drikos, XalunrUv. ivtcfinften, 21, f>97 (1033; ; Nature , 132, 354 (1933} ; 
’£. physik. Chem., 26B, 428 (1934j. 
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kind of light used. After the reaction had proceeded to completion, 
equal amounts of d- and /-chloride were present — hence, optical inactiv- 
ity. This asymmetric synthesis is of interest since it is the only study of 
such free radicals. It was found that neither d- nor /-circularly polarized 
light had any effect on either the triaryl chloride or on the free radical. 
The effect observed must hence be due to an acceleration of the reaction 
between the d- or l - form of the free radical and the activated chlorine 
atom. The work does not show that triarylmethyl radicals are optically 
active. The results may be interpreted, however, as indicating that the 
groups in a free radical are probably not planar. Up to the present 
time, no optically active free radicals definitely belonging to the type 
shown in Fig. 1 have been obtained. 

Several different typos of reactions have been investigated which may 
possibly involve a free radical of the type shown in Fig. 1 as an inter- 
media I e. In all reactions thus far investigated, the final products have 
been optically inactive. 

The electrolysis of potassium 7-cthylmethylacetate (Fig. 10) was 
found by Wallis and F. H. Adams 3 to produce an optically inactive 3,4- 
climetliylliexano (Fig. 13). If the course of the reaction follows that 
indicated in the reactions below, the free radical, Fig. 12, is an inter- 
mediate. If this radical had been able to retain its asymmetry, then the 
combination of two /mirotatoiy radicals should have produced the 
lero form of Fig. 13. The fact that the 3,4-dimethylhexane (Fig. 13) 
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Fig. 13 


Fig. 12 



w as optically inactive indicates that the radical did not retain its asym- 
nK ‘fry. It should be noted that the octane (Fig. 13) may exist in a 
dl and a mem form. The nature of the product was not determined. 

If a Wurtz synthesis (p. 539) is carried out on an optically active 
alkyl halide, optically inactive hydrocarbons usually result. Thus, 

3 Wallis and F. H. Adams, J. J»». Chvm. Soc., 55, 3S38 (1933). 
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Wallis and Adams 3 obtained the same optically inactive 3, 4-dimethyl- 
hexane mentioned above (Fig. 13) by the action of sodium on d- 2-bromo- 
butane (Fig. 14). 

CH 3 C1I 3 CII 3 

I I I 

2C 2 H 5 CHBr + 2Na C 2 H 5 — ' CII — CH— C 2 1I 6 

W D - + w-7° 

Fig. 14 Fig. 13 

The action of sodium on J-a-bromobibenzyl (Fig. 15) also produced the 
optically inactive 1,2,3, 4-tetraphenylbu lane. 3 (Fig. 16). 

Br C 6 H 5 C«H& 

i Na II 

2C 6 H 5 — CII— CH 2 C 6 H 5 > C«HiCH*-CH— CII— CH*C«H» 

1®1d " “ ^7° 

Fig. 15 Fig. 16 

The optical inactivity of the products of the Wurtz reaction indicates 
that racemization occurred at some intermediate stage, since both the 
initial and final products were stable. 

If the radical (Fig. 18) formed by the action of sodium on the alkyl 
halide racemizes rapidly then the hydrocarbon formed by the combina- 

R' R' 

I I 

R— C' — Br + Na- -► R— C- + NaBr 

i I 

H H 

Fig. 17 Fig. 18 

tion of two of these df-radicals would be optically inactive and consist of 
a mixture of the dl and ?neso forms. On the other hand, if a sodium 
alkyl (Fig. 19) is produced rapidly, it may react with the optically active 

R' IF 

I I 

R — C* -f- Na* — ► R — C — Na 

I I 

H II 

Fig. 19 

bromide (Fig. 17) to form a hydrocarbon which may contain some of the 
optically active form. 
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R' R' R' R' 

I I II 

R— C— Rr + R— C— Na -+ R — C — C — R 

I I II 

H H H H 

Fig. 17 Fig. 19 Fig. 20 

Actually Ott 4 obtained optically active d-2,3-diphenylbutanc (Fig. 22) 
bv the action of sodium on ^methylphenylchloromethane (Fig. 21) along 
with some of the mem form of the hydrocarbon while the recovered 
chloride was racemized to some extent. 

CH 3 

i 

2C«H» — C — Cl + 2Na 

I 

II 

a D = - 50.27° 

Fig. 21 

The formation of the Grignard reagent from an optically active 
halide also results in an optically inactive 5 product (p. 516). Thus, the 
action of magnesium on rf-2-bromooetane (Fig. 23) results in the opti- 
cally inactive 2-octylmagnesium bromide 6 (Fig. 24). By analogy to the 
Wurtz reaction, it might be possible that similar radicals are involved. 

CH, CHi 

I I 

C 6 lli 3 — CHBr + Mg -> C 6 Hi3— CIIMgDr 

Fig. 23 Fig. 24 

Also, when d- or ?-2-chloro6dane was treated with lithium and the 
resulting 2-octyllithium carbonated, the acid obtained was optically 
inactive. 7 

With the exception of the experiments of Ott cited above, it is evident 
that raccmization occurs when an organoinetallic compound is formed 
from an optically active halide in which the halogen is attached to the 
asymmetric carbon atom. 

The photochemical or peroxide catalyzed chlorination of d-l-chloro- 
2-methylbutanc (Fig. 25) yielded optically inactive 1 ,2-diehloro-2-melhyl- 
butanc 8 (Fig. 26). If the mechanism is that represented bj r the chain 

4 ott., Ber ., 61, 2124 (192S). 

6 Pickard and Kenyon, J. Chew. Sec., S9, 65 (15)11) ; Schwartz and Johnson, J. Am. 
Otem. Soc., 53, 1063 (1931). 

c Porter, J. Am. ('hem. Soc., 57, 1430 (1935). 

1 Tar bell and Weiss, ibid., 61, 1203 (1939). 

8 Brown, Kharaseh, and Chao, ibid., €2, 3435 (1940) ; Kharasch, Kane, and Brown, 
63, 520 (1941). 
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reactions (a), (6), and (e), it is evident that the intermediate alkyl radical 
underwent racemization. 

(а) Clj 2 C 1 * 

CIIi CII 3 

i I 

( б ) C2II5 — C — CH 2 C 1 + Cl- -> C 2 H & -C CIIoCl + HC 1 

I 

H 

Fig. 25 

CH 3 ch 3 

i I 

(c) C2II5 — C — CH 2 CI + cis -» C2II& — C — CH2CI + Cl- 

Cl 

Fig. 20 


Carbanions. If a pair of electrons occupies the fourth valence of the 
central carbon atom resulting in the negative ion shown by Fig. 2, then 
such molecules are apparently sufficiently stable to permit isolation in 
cnantiomorphic forms. Such ions have been called airbanions. A study 
of the salts of aliphatic secondary nitro compounds has led to the con- 
clusion that their optical activity may best be explained by means of 
such an ion. The fact that primary and secondary nitro compounds 
exist in two tautomeric forms was established by the work of Hantzsch 
and Schultze. 9 The two forms of phenyinitrome thane and their properties 
are shown in Table I. 


TABLE I 


CiH»CH 4 XOi 

Liquid 

Stable normal form 
Insoluble in N'noCOj 
No reart ion with G5H5NCO 
No color w ith FeCl3 
Non-electrolyte 


0 

/ 

C 6 1I 5 CII=X— OH 

Solid 
M. P. 

labile art-form 
Soluble in NajCOj 
React* with < ’«H & NCO 
Red color with FeC^ 
Electrolyte 


The solid aci-form is obtained by the addition of acid to a cold solu- 
tion of the sodium salt, and readily tautomerizes to the normal nitro 
modification. 

NaOII 

RCH2NO2 > RCH=N — ONa 


*0 



RCII=N — OH + NaCl 


9 Hantzech and Schultze, Rcr., 28, 090, 225L (1HU5). 
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The change from the act-form to the normal form may be followed by 
conductivity measurements. This summarizes the general status of these 
nitro compounds and their salts up to 1927, when Kuhn and Albrecht 10 
made the startling observation that d- or 1-2-nitrobutane (Fig. 27) 
inay be converted to optically active sodium salts (Fig. 28) (see Chart I). 

That the optical activity is due to the salt and not to unreacted 
nitro compound was shown by regeneration of the optically active nitro 
compound from the salt. Bromination of the active salt produces the 
optically active 2-bromo-2-nitrobutane (Fig. 29). 

CHART I 

CII 3 ch 3 

c 2 h 6 — A— no 2 

I 

H 

[cr] D = + 9.14° 

Fig. 27 

CHj CHs 

C2II5— i— no 2 cji & — no 2 

I I 

Br H 

Fig. 29 


NaOCH 3 _ I 

-> / C2H5 — CN0 2 Na 


Fig. 28 



A second example of such optically active salts was obtained by 
Shriner and Young 11 in 2-nitrooctanc. 

The following schematic diagrams, Charts II and III, show the 
preparation of the optically active 2-nitrooctancs, and indicate the 
products obtained from them. They also list the optical rotations of all 
the compounds and summarize the results obtained. 


CHj 


CHART II 
Dextro Series 

cit 3 


ch 8 


ch 3 

-Lc 


C,H„-A-01I 2^4 CJIij — A — B r C«II, j -(3-NO ! +C 5 H„-C-ONO 

h A A A 

M„ = + 10.2:1° [a) D = - 33.10° Wu = + 15.84° [fl] D = + 8.17° 

NaOC Wh/ \k0C*H 6 

/at-10°C. at -10° C.\ 


ch 3 ch 5 

— (!)— NOj! < Cell is — d>N 0 2 Na 


at -10°C. 


II 

1«] D = + 3,86° 


W D = + 3.31° 


CH 3 

C 6 H, a -iN0 2 K 

[«1 d =+3.74° 


Kuhn and Albrecht, Bcr ., 60 1297 (1927). 

Shriner and Young, J . Am. Chem. S<ic., 52, 3332 (1930), 
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On the basis of the fundamental postulates of the electron theory 
(p. 1821), the formulas, Fig. 30 and Fig. 31, are impossible, since they 
would place ten electrons in the valence shell of nitrogen. The classical 
formula, Fig. 31, proposed by Nef 12 for the salts obviously cannot 
account for their optical activity. The structure, Fig. 32, originally 
proposed by Holleman 13 and by Hantzsch and Schultze, 9 has always 
been regarded as a possibility, but never generally accepted, chiefly 
because the existence of such carbazoxy rings has never been absolutely 
established. Figure 32 also does not satisfactorily explain the ready con- 
version of the salts into the bromonitro compounds. 

Since 2-methyl-2-nitropropane (Fig. 33) does not form a salt with 
sodium ethoxide it is evident that the sodium alkoxide does not add to 
the nitro group. The electronic formula for the nitro compound is 

,s Nef, Ann., 280, 263 (1894). 

13 Holleman, Rec. trav. chim., 13, 405 (1894). 
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ch 3 

CH 3 — C — NO 2 

I 

ch 3 

Fig. 33 

shown by Fig. 34 and the formulas for the salts by Figs. 35 and 36. The 
anion of Fig. 35 is optically inactive and would produce the dl - nitro 
compound on acidification. I 11 Fig. 36, the a-earbon atom is asymmetric 
and treatment with acid W’ould regenerate the original active nitro 
compound. 


R' ; - 0 \ 

r' : o : 

~ 

iv :’o’* 


.. + . . 



-C : N * 

R:C::N 

Na + 

R:C:N * 

1 + * • 



•• + • ■ 

h t°; 

;o: 


rO: 

Fig. 34 

Fig. 35 


Fig. 36 


The presence of two ions, Fig. 35 and Fig. 36, also explains the conduc- 
tivity measurements made by Branch and Jaxon-Declman . 14 The latter 
found that the addition of hydrochloric acid to sodium salts of nitro 
compounds gives an abnormal conductance drop at the start followed 
by a slow- gradual drop corresponding to the conversion of the greater 
part of the act-form to the nitro form. 

The experimental data on the conductivity and optical activity of 
the salts indicate the possibility of the presence of two different forms of 
the negative ion in solution. The chief objection to such an assumption 
is the fact that racemization of the compound (Fig. 36) does not occur 
readily. Shriner and Young 11 suggested that it must be stabilized by 
combination with the solvent, the anion forming a hydrogen bond with 
the ethanol (Fig. 37). Evidence supporting this concept has been 


Na + 


Fia. 37 


R' O' 

I / 

R— C— N 

I \ 

/ 0 . 

Fig. 36 


Na+ + C 2 I1 5 0I1 


R 0 

I / 

R— C— N 

I \ 

H 0 

I ’ 

0 

I 

c 2 h 6 


Branch and Jaxon-Deelman, J. Am. Chcm. Soc ., 4.9, 1705 (1927). 
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obtained by Ray and Palinehak, 15 who resolved 9-nitro-2-bcnzoylfluor- 
ene with brucine. The brucine salt contained alcohol of crystallization, 
and hence this salt would be represented by Fig. 38. Neither the free 


R' 


U-r' 


O' 


N 

1 \ 
H 0 
1 

0 


c 2 h 5 


(II Brucine) 4 


Fig. 38 


ocf-9-nitro-2-benzo3 r lfluon , ne nor its potassium salt was active, but 
transitory activity was observed in solution. 

Mills 16 has resolved phenylcyanonitromethane (Fig. 39a) by means 
of brucine and converted this brucine salt into an active sodium salt 
(Fig. 396). 

CN r CN 


C 6 H 5 — C— X0 2 
j 

H 

Fig. 39a 


C«1I B — C— X0 2 Na + 


Fig. 396 


Indications that optically active salts of secondary nitro compounds 
may be produced by an asymmetric synthesis have been obtained by 
Thurston and Shriner. 17 Treatment of 2-bromofluorene with d- 2- 
octyl nitrate in the presence of potassium ethoxide yields the potassium 
salt of 9-nit ro-2~bromofluorene, which possesses a very slight optical 
activity. The salts racemize readily. The activity of these salts indi- 
cates that at least a partial asymmetric synthesis was achieved by the 
optically active reagents. At least part of the salt must exist as the 
solvated asymmetric ion, Fig. 40, since the other form of the ion, Fig. 
41, is not asymmetric. 



N0 2 HOC 2 H s 
Fig. 40 




0<— N — 0 


Fig. 41 


K+ 


15 Ray and Palinchak, ibid., 62, 2109 (1940). 

16 Mills, J. Hoc. Ckem. Ind 61, 750 (1932). 

17 Thurston and Shriner, J. Am. Ckem. Hoc., 67, 2103 (1935). 
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A totally different type of molecule containing the optically active 
negative ion shown by Fig. 2 has been postulated by Wallis 3 as an 
intermediate in the following reactions which were carried out in liquid 
ammonia. 

The fact that the compound (Fig. 44) is optically active would 
require the intermediate ion (Fig. 43) to retain its asymmetric configu- 
ration, and hence would indicate that the unshared pair of electrons acts 
as the fourth group at one apex of the asymmetric carbon atom (*). 
The alkylsodium, Fig. 43, was not isolated. If its formation involves 
a mechanism similar to that discussed for the Wurtz reaction (p. 386), 
then it should be a racemic form. It is possible that complete conversion 
of Fig. 42 into the alkylsodium, Fig. 43, did not occur, and that the 

C«H/' N SClI s CO a fI 

H u -48.5° 

Fig. 42 

final optically active compound was produced by reduction of the 
thioglycolic acid derivative upon addition of the ammonium bromide to 
the sodium in liquid ammonia. Even if this should be the case, the re- 
action still involves the replacement of the — SCH 2 CO 2 H group on the 
asymmetric carbon atom by hydrogen, and means that the intermedi- 
ates, whatever they may be, retain their tetrahedral configuration. 

Certain sulfones constitute another class of compounds which react 
with alkalies to produce salts in which the negative ion is a carbanion. 
In order that salts may be readily formed, at least two sulfonyl groups 
should be attached to a carbon atom which carries a hydrogen atom. 
Thus, Shriner, Struck, and J orison, 18 from a study of the properties of 
niethylenediphenyl disulfone, Fig. 45, concluded that salt formation 
leads to the carbanion, Fig. 46. These salts may be readily alkylated 

:0: H :0: 

C :S:C 6 II 6 + NaOH -> 

:0: H :0; 

Fig, 45 Fig. 46 

and brominated, but give no color with ferric chloride solution. The 
sulfone, Fig. 45, does not react rapidly with bromine in carbon tetra- 

18 Shriner, Struck, and Jorisnn, ibid., 62, 2000 (1930). 


:0: H :0: 
C«H b :S: C :S:C c II 5 
: 0 : " : 0 : 


Na + + IhO 



_C.IL 

Orange solution 

Fig. 43 
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chloride solution, and also gives no color with ferric chloride solution. It 
should be noted that in these molecules the oxygen atoms are attached 
to the sulfur atoms by semi-polar bonds, and hence no true enol forms 
may exist, since such a structure would place ten electrons in the valence 
shell of sulfur. These molecules constitute specific cases in which the 
residual negative charge of the carbanion undoubtedly resides on the 
central carbon atom. That this effect is due to the sulfonyl groups and 
not to the phenyl groups was shown by Shriller and Stutz 19 from a 
study of methylene di-n-butyl disulfonc. Arndt and Martius 20 reached 
similar conclusions regarding the non-enolization of disulfonyline thanes. 
If the structure, Fig. 46, for these salts is accepted, then a properly 
substituted unsvmmetrieal disulfone should yield salts of the structure 
shown in Fig. 47, which should be capable of existing in optically active 
forms. 


:0: R :0: 
R:S: C :S:R' 


Na+ 


: 0 : 


: 0 : 


Fig. 47 


The studies on the sulfones have involved the synthesis of properly 
substituted disulfones in an optically active state, and then conversion 
into salts in order to determine whether the salts, corresponding to Fig. 
47, were optically active. 

Kipping 21 synthesized the disulfones shown in Figs. 48, 49, 50, and 
51. 


CII 2 C 6 H 5 




Fig. 48 


CH 2 C 6 H & 

HOiC^^SOiCHSOsCH, 
Fig. 49 


SCcHi 

HQ 2 C^^S0 2 CHSQ 2 ^ r ~^)CH3 




Fig. 50 


SCfiHt 

ho 2 c^^so 2 cso 2 ch 3 
— ch 3 

Fig. 51 


The first three of these compounds could not be resolved, but the 
fourth (Fig. 51) was resolved into d- and /-forms by means of brucine 
and f-menthylamine. This disubstituted sulfone, Fig. 51, is quite stable 
to acids and alkalies. 

19 Shrincr and Stutz, Und., 66, 1242 (1933). 

20 Arndt and Martiua, Ann., 499, 228 (1932). 

11 Kipping, J . t 'hem. Hoc., 18 (1935). 
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Kipping 21 was successful in resolving the thiosulfones, Figs. 52 and 
54, into their optically active forms. Oxidation of the optically active 
forms, Figs. 52 and 54, produced the disulfones, Figs. 53 and 55, respec- 



Fig. 53 



Fig. 55 


tively, but these disulfones were always the racemic modifications. No 
optically active disulfones containing at least one hydrogen on the 
central carbon atom could be obtained. If both hydrogens were replaced, 
as in Fig. 51, then resolution was successful, which indicates that, in the 
presence of the basic compounds used in the resolutions, the earbanions 
of the type shown in Fig. 47 are not stable. 

A study of the properties of the compound, Fig. 52, showed that It 
did not racemize in acetic acid solution or in sodium hydroxide solution 
as long as only one equivalent of alkali was present. If more than one 
equivalent of alkali was added, then racomization occurred rapidly. 
Ksterification of the compound, Fig. 52, produced the optically active 
methyl ester, Fig. 56. 

Treatment of this ester with small aniouuts of sodium methoxide 

CH 3 

CH^cfySoJ-S-Q — “> 

H 

Fig. 56 
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caused racemization, which indicated that the carbanion, Fig. 57, did 
not retain its asymmetry. 

CH* 

C — S0 2 — C— S — 

Fia. 57 


Na+ + CHjOH 


Ashley and Shriner 22 prepared ethyl i-a-phenylsulfonbutyrate (Fig. 
5S), and found that treatment with sodium ethoxide caused immediate 
racemization, even though the reaction was carried out at — 10°. Evi- 
dently the carbanion, Fig. 59, immediately raccmized or tautomerized 
to the enolate ion, Fig. 60. The latter explanation appears more prob- 


able. 


C*Hs 


CdUSOr- 6 — cf 

| X)C 2 ITi 
H 

Fig. 58 


NaOC 2 H 5 


C,II & 

T 

c 6 h 6 so 2 -c-cc 

I X)C 2 H 
Fig. 50 


Na+ + 0 8 H fc OII 


c 2 h 4 

I 

CJHSO.-C C 


\oc 2 n s 


Na + 


Fro. 60 


In 1931, Gibson 23 succeeded in synthesizing three unsymmetrieal 
trisulfones with the structures shown in Figs. 61, 62, and 63. 

CgHsSOjs^ CeHsSOzs^ C6H&b02\^ 

C 2 H 5 S0 2 — CII P-CH 3 C 6 H 4 SO 2 — CH ch 3 so 2 -CH 

CH 3 S 0 / CH,So/ 3,5-CljC.HsSo/ 

Fig. 61 Fig. 62 Fio. 63 


All three of these sulfones were distinctly acidic and readily formed 
salts with alkalies. The brucine salt of the compound, Fig. 61, was 
readily prepared and crystallized, but decomposition with ammonia 
gave an inactive salt. Attempted resolutions with the active hydroxy- 
hydrindamines also failed. The trisulfones, Fig. 62 and Fig. 63, failed 
to produce crystalline salts with alkaloids, and could not be resolved. 

Certain rearrangements (p. 981) involving optically active radicals 
have been carried out. Jones and Wallis 24 studied the Ourtius re- 
arrangement, and Wallis and Nagel 25 the Hofmann rearrangement of 

21 Ashley and Shriner, J. Am. Chem. Soc., 54, 4410 (1932). 

23 Gibson, J. C 'hem. Soc., 2637 (1931) ; Chem. Rev., 14, 431 (1934). 

u Jones and Wallis, Am. Chem. Soc.. 48, 1G9 (1920). 

25 Wallis and Nagel, ibid., 53, 2787 (1931). 
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optically active azides and amides. The reactions are summarized in 
Chart IV. 

CHART IV 


CH 3 


II 

[«]„ - + 30.77° 

CIL 


x Nj 


C 6 H B CH r 


CH 3 

-l< o 

| 

H 


\ 


O 


1 

[,— c- 


C»IIjCHr — C— Cf 

I MSUb 

II 

[«] D - + 38.04° 


c*ii b ch 2 


L 


ch 3 

4-<° 

I, V 


CII 3 

C # H»CII a — ' i— N=C=| 

I 

II 

W D - + 28.75° 

HC1 1 II a O 


CH* 

C «I I id Is— A— Nil 2 • HC1 

i 

n 

I«] D - + 10.0° 


The point to be noted is that, in the rearrangement of the intermedi- 
ate compound in the brackets, the asymmetric carbon atom must de- 
tach itself from the carbon of the carbonyl group and attach itself to the 
nitrogen atom. The fact that the final amine is optically active means 
that the intermediate retained its asymmetry. It appears that the 
optically active radical migrates with its pair of electrons without ever 
actually separating as a carbanion. Recently Lane and Wallis - c have 
found that the Wolff rearrangement of optically active diazoketones 
also produces optically active products provided that no enolizable a- 
hydrogen atom is present. 

Carbonium Ions. Many investigations have been carried out winch 
have had for their primary purposes the elucidation of the question of 
the optical stability of carbonium ions and the mechanism of the reac- 
tions involved. A large number of such replacement reactions was 
studied in connection with the Walden inversion. Biilmann, 27 for 
example, represents the formation of the active lactic acids from the 
optically active o-bromopropionic acids by the following equations, and 
ascribes the failure of the intermediates to racemize to the charges on the 
dipolar ion (p. 1088) (Fig. 64). McKenzie and Clough 28 and later 


Br 

CII 3 — CIICO2II + Ag+[OH]- » 

OH i- 

I 

Lch 3 — CH— co 2- 


[our 


Br 

I 

CH|— CUCOj 

I 


Ag ' + 11,0 


CH 3 — CHCO2J + AgBr 


Fig. 64 

26 Lane and Wallia, J . Org . Chan., 6, 443 (1941). 

27 Biilmann, Ann., 388, 330 (1912). 

!H McKenzie and Clough, J. Chan. Soc ., 103, 6S7 (1913). 
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McKenzie, Roger, and Wills 29 after reviewing numerous reactions con- 
clude that the free electric charge can stabilize the configuration of a 
tercovalent carbonium ion. 

Kenyon and Phillips 30 studied the rearrangement of the active 
sulfinic ester shown in Fig. 65. The product of the rearrangement was 
the optically inactive sulfone, Fig. 68. 


H 


H ' 

+ 



C 6 H 6 :C: 

0:S:C 6 H 4 CH 3 

CiHiSC 


:0 

:S:CiH 4 CH a 

h 3 c 

:0: 

o: 

a 



0: 


Fig. 65 

P ig. 66 



Fig. 67 




i 





11 

:0: 




c 6 h 6 

:C 

:S:C 6 H 4 CH 3 



H 

8 C 

0: 



Fig. 68 


The rearrangement occurs spontaneously, and no reagents are in- 
volved, hence the process may involve a momentary separation into the 
positive carbonium ion, Fig. 66, and the negative sulfinate ion, Fig. 67. 
In the starting material both the carbon and sulfur atoms are centers of 
asymmetry, but dissociation causes the formation of the symmetrical 
sulfinate ion (Fig. 67) so the sulfur loses its asymmetry. Since the sulfone 
was inactive it follows that the carbonium ion also underwent racemiza- 
tion. 

Some of the most interesting types of carbonium ions are the halo- 
chromic salts which are produced when triarylcarbinols are dissolved in 
strong mineral acids. These salts, which may be isolated in the solid 
state, are formed by the elimination of a molecule of water from the 
carbinol and the acid. They are ionic compounds, the positive charge 
appearing on the carbon atom, and hence are called carbonium salts. 
For example, triphenylcarbinol yields a colored salt with sulfuric acid 

(C|H|),COH + H»S0 4 — [ (C a If 5) 3C ] + [SO 4 H ] “ + H,0 

and the tri-p-methoxy derivative yields a salt even with aqueous hydro- 
chloric acid. 



COH + HC1 



Cl- + h 2 o 


M McKenzie, Roger, and Willa, ibid., 779 (192G). 
so Kenyon and Phillips, ibid., 1 076 (1030) 
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It should be noted that these salts are separate and distinct com- 
pounds in contrast to triphenylchloromethane, (C3 G H 5 ) 3 CC1, which is not 
colored and not a salt. It does form a colored carbonium complex with 
aluminum chloride with the formula [(C 6 H 5 ) 3 C] + [A1C1 4 ]” Since the 
salts are highly colored it is probable that tautomerization to a quinoid 


form occurs. 

[(C c H 5 ) 3 C] + [SO 4 H]" 


L6 \ 

ic,n/ 


c=< 


[soji]- 


The preparation of optically active triarylmethane derivatives is 
very difficult, and only a few such compounds are known. Wallis 31 
prepared and resolved phenylbiphenyl-a-naphthylmethylthioglycolic 
acid (Fig. G9). Gomberg and Gordon 32 showed that the haloehromic 
salts of this active triarylmethane derivative arc optically inactive. 

Wallis and Adams 3 made the interesting observation that silver 
nitrate in aqueous acetone solution converts the compound, Fig. 69, 
into an optically active carbinol. The intermediate may be the positive 
carbonium ion, Fig. 70, and must retain its asymmetric configuration 
in order to produce the active carbinol, Fig. 71. 


C 6 H 5 

I 

C 6 H 6 C 6 H 4 — C— SCII 2 CO 2 H 

I 

CioH 7 («) 

Fig. 69 


C 6 H 6 

i 

C0H.AH4-C 



[X0 3 ]- 


Ci 0 II 7 (a)J 

Fig. 70 


h 2 o 


c 6 h 6 


CeHsC all 4 — C — OH 


CioH 7 («) 
Md = ~ 51 ° 

Fig. 71 


McKenzie, Roger, and Wills 33 have carried out a semi-pinacolinic 
deamination of an optically active amino alcohol. The transformations 
may be indicated as follows: 


NIIj OH 

CHa — i i-C.H. 

11 A«h, 

(leroj 


HNOj 
— > 
0 ° 


CII3-C— 

h 


C 6 II S 


C 6 H 6 o 

i / 

CH a — C--C— CftH# 

1 

II 

[rfejtro] 


31 Wallis, J. Am. Chem. Soc.. 53, 2253 (1931). 

32 Gomberg and Gordon, ibid., 57, 119 (1935). 

83 McKenzie, Roger, and Wills, J. Chem. Soc., 779(1926); Roger and McKenzie, Ber., 
$2 > 272 (1929). 
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Here the intermediates retain their asymmetry even during the 
migration of the phenyl radical. The stabilization of the intermediate 
radicals is ascribed to the charges present. 

The pinacol-pinacolone rearrangement has also been studied by 
McKenzie, 34 who succeeded in obtaining optically active ketones from 
active glycols, as indicated in the following reactions: 

H CH 2 C 6 H 6 

i i 

a-CiolIj— C— C— CIIjC«IIi 

I I 

0 

I 
i 

H CH 2 C,H s 

I I 

a-C 10II7 — C — C =0 

I 

CH 5 CeH 6 

[I no] 

H CHsCeHs 

C«II& — C — C — CHoCgHb -* 
i I 
OH Oil 

Idextro] 

II ch 2 c 6 h 6 

I I 

C 6 H 6 — c— c=o 

I 

ch 2 

I 

c 6 h 5 

[deztro] 

The intermediates apparently retain their asymmetry and may con- 
tain a carbonium carbon but the exact mechanism lias not been estab- 
lished. 

PART X. OPTICAL ISOMERISM OF ELEMENTS OTHER THAN CARBON 

The general principles outlined in the previous discussion of carbon 
compounds apply equally well to compounds containing other elements. 
For optical isomerism to exist, the molecule must be asymmetric, and 
this asymmetry may be achieved by the general structure of the entire 

3< McKenzie, J. Hoc. ('Mm, Ind., 50, 920 (1931). 




H CH 2 C 6 H 5 

I I H 2 S04 
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molecule or by an individual asymmetric atom. As has been indicated 
in the introduction, optical isomers of compounds of many elements arc 
known. The synthesis and resolution of these asymmetric molecules 
have almost always involved the presence in the molecule of substituted 
hydrocarbon groups or radicals, and hence they are of interest and 
importance to the organic chemist. 

The elements which give rise to optical isomerism in their compounds 
may be classified into three groups according to whether the spatial dis- 
tribution of their valence forces is tetrahedral, octahedral, or planar. 

Elements with a Tetrahedral Distribution of Their Valencies 

The tetrahedral group will be considered first, and the isomerism of 
compounds of each element discussed. In fact, it is the existence of 
optical isomers of the compounds of those elements which has led to the 
conclusion that their valencies are tctrahedrally distributed. Such ele- 
ments arc: 

Si, N, S, Sc, Te, Sn, Ge, l 1 , As, B, Be, Cu, Zn, Pt, Pd 

Silicon. This element is in the same group of the periodic table 
as carbon, and is tctrnvalent. It forms a series of hydrides or silanes, 
S1H4, Si 2 H(5, S13II8, and Si 4 Hi 0 , analogous to the paraffin hydrocarbons. 
Various alkyl silanes have been prepared, and if the four groups arc dif- 
ferent, the silicon atom becomes asymmetric and optical isomers become 
possible. In 1910, Challenger and Kipping 1 prepared and resolved the 
tetrasubstituted silane shown in Fig. 1 by crystallization of the brucine 



Fig. 1 

salts. In earlier investigations 2 the more complicated silicon com- 
pound shown in Fig. 2 was prepared. It should exist in two inactive 


C2II5 C 2 H 5 

HOas/ - \cH 2 — Si— 0— Si— CH 2 ^^)S0 3 H 

_ . Cjli, c 3 h, — 

no. 2 ' 


Challenger and Kipping, J . Ctum. Site., 97, 142, 755 (1910). 

Kipping, ibid., 91, 209 (1907) ; Luff and Kipping, ibid., 93, 2090 (190S). 
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forms corresponding to a meso and a racemic modification. Evidence in- 
dicating the resolution of a form corresponding to the latter into the d- 
and i-forms was obtained by means of the d-methylhydrindamine salts. 
From a stereochemical point of view, therefore, this compound is anal- 
ogous to tartaric acid. 

Nitrogen. The stereochemical nature of nitrogen in its compounds 
has been more thoroughly investigated than that of any other (de- 
ment with the exception of carbon. Numerous arguments and discus- 
sions concerning the distribution of the valencies in trivalent and so- 
called pentavalent nitrogen compounds have appeared in the literature, 
and many spatial models of the nitrogen atom have been proposed. In 
the light of present-day knowledge of molecular structure, much of this 
material is now incorrect. Hence, the discussion of the stereoisomerism 
of nitrogen compounds which follows is not entirely an historical r&sum<3, 
but an attempt to set forth the modern viewpoint and to interpret the 
past experimental evidence. 

Trivalent Nitrogen Compounds. The electronic formulas for ammonia 
and a tertiary amine are shown in Figs. 3 and 4. If the nitrogen atom is 


R R 



R" R' 


d-form Worm 

Fig. 3 Fig. 4 Fig. 5 Fig. 6 

tetrahedral, then a tertiary amine with throe different groups should be 
capable of existing in the optically isomeric forms shown by Figs. 5 and 6 
in which the nitrogen atom is represented by the tetrahedron. The three 
different radicals are placed at three of the apices, and the fourth apex 
contains the unshared pair of electrons. 

The history of the attempts to resolve trisubstituted nitrogen com- 
pounds is a long, interesting chapter in organic chemistry. In fact, the 
early investigators were doomed to disappointment before they started. 
They attempted to resolve cthylbenzylarnine, benzylhydroxylamine, 
methylaniline, tetrahydroquinoline, and tetrahydropyridine, which arc 
secondary amines (Fig. 7) and form salts having symmetrical cations ot 
the ammonium type (Fig. 8) and, thereforo, arc not resolvable. These 
early investigators regarded the nitrogen in ammonium salts as penta- 
vaient, and all valencies equivalent. In these early attempts, d-tartaric 
acid was used exclusively as the resolving agent. 
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This error, however, was quickly rectified by later investigators who 
attempted to resolve the following tertiary amines: methylethyl-/3- 


R 



H 

Fig. 7 



naphthylamine, mcthyl-n-propylaniline, benzyl-p-nitrobenzylhydroxyl- 
amine and kairolin by means of d-camphor-10-sulfonic acid or <2-3- 
bromocamphor-8-sulfonic acid. The results were totally negative. 

Wedekind and Klatte 3 studied the cJ-camphor-10-sulfcmic acid 
and <2-3-bromoeamphor-8-sulfonic acid salts of l-phenyl-2,3-dimethyl- 
4-(methylethylamino)-5-pyrazolone (Fig. 9), and l-phenyl-2,3-dimcthyl- 
4-(methylbenzylamino)-5-pyrazolone (Fig. 10). 
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Cfi H,CH*v 

)X— c=c—ch 3 
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C 6 H 6 
Fig. 9 


C 6 H 6 


Fig. 10 


Although fractional crystallization of these salts showed changes in the 
rotatory values of the fractions, decomposition of the salts gave only 
the inactive bases. 

Up to this time practically all the attempts to resolve trisubstituted 
nitrogen compounds had been carried out by addition of the active acid 
to the “asymmetric” nitrogen atom to produce the salt. Other investi- 
gators, realizing that this was undesirable, used a group other than 
that of the “asymmetric” nitrogen atom as the resolving substituent. 
This modification gave only negative results since the <2- tart, rates of 
p-tolylhydrazine 4 (Fig. 1 1) and benzylphcnylhydrazine 5 (Fig. 12) could 
not be resolved. Jones and Millington 6 using d-camphor- 10-sulf onic 

J Wedekind and Klatte, Her 60, 2325 (1927). 

4 Kraft, Hit., 23, 27S0 (18UO). 

s Beh rend and Konig, Ann., 263, 184 (1891). 

6 Jonea and Millington, Proc. Cambridge Phil. Soc ., 12, 4S9 (1904), 
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arid in place of tartaric acid, repeated the attempt to resolve benzyl- 
phenylhydrazine, without success. They also prepared mcthylethyl- 
anilinesulfonic acid (Fig. Id) which could not be resolved with brucine. 
Meisenheimcr 7 and eo- workers wore tillable to resolve N-phenyl-N-p- 
tolylanthrauilic arid (Fig. 14) and N-phenyl-N-a-naphthylanthranilic 
acid (Fig. 15) into their antipodes through the strychnine, brucine, 
morphine, and quinine salts. 

CeHgv ,CH 3 
\ N / 



SO,1I 

Fia. 11 Fia. 12 Fia. 13 



'C 6 TT 5 




'CeTTj 

CiolIvCcr) 


Fia. 14 


Fia. 15 


All the sulfonium salts which had boon resolved contained the 
— CII 2 CO — grouping, and as a consequence Meisenheimcr 7 and co- 
workers prepared a number of amines of the type ft'/i^XCHoCOH in 
hopes that they' would be resolvable. However, the d-3-bromoeamphor- 
8-sulfonic acid salts of N-methyl-N-ethylacetonylamine (Fig. 16), 

CII 3 C1I 3 

N 'x-CHsCOCHj x n-ch 2 coc 6 ii 5 

c 2 it c 2 nf 

lio. 16 Fia. 17 



Fio. 18 Fra. 19 


X-methyl-X-cthylphenacylaminc (Fig. 17), N-acctonyltetrahydroquino- 
line (Fig. 18), and N-phonacyltetrahydroquinoline (Fig. 19) gave com- 
pletely negative results. 

7 Meisenheimcr, Angerrnann, Finn, and Vieweg, Ber., 57, 1745 (1924). 
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By analogy to the oximes, Dcnncr 8 believed that imsyminetriral 
hydroxylamincs of this type would be capable of resolution. His en- 
deavors to prepare active mcthylethylhydroxylamine (Fig. 20), methyl- 
beiizylhydroxylaminc (Fig. 21), or mcthylbcnzyloxy-p-anilincsulfonic 
acid (Fig. 22) were not successful. 


Oil, 

CtlU' 


>N — Oil 


CII; 

CellbCH; 


N —OH 


Fig. 20 


Fig. 21 



S(),H 
Fig. 22 


Kipping and Sal way 9 introduced still anolher modification in the 
hope of getting some evidence for the existence of an optically active 
trivalent nitrogen atom. By using dJ-methylbcnzyla cetyl chloride (Fig. 

23) and condensing it with primary and secondary amines, they hoped 
to be able to separate the two diastereoisornors that would result (Fig. 

24) . The amides thus investigated were those prepared from methyl- 


CH, n R 

CdbCIIa— C— C— Cl + 211'— N 


Fig. 23 


CelUCII, 



II 


-N— R + [RR'NHa]+Cl- 

ir 


Fig. 24 


aniline, p-toluidine, benzylaniline, and phenylhydrazine. In no case 
wore the investigators able to isolate, the two forms. Frcrejacque, 10 
using d-camphor-3-sulfonyl chloride in place of the d/-rnethylbenzyl- 
a cetyl chloride, attempted the same sort of separation by preparing the 
amides of ethylanilinc, and 0 - and p-tnluidines, but no isomers could 
be isolated. 

Inspection of the formulas of 2-methyldihydroindolo (Fig. 25), 6- 
mclhyltetrahydroquinaldinc (Fig. 26), tetrahydroquinakline (Fig. 27), 



Fiu. 25 


“GO 


CII 3 


II 

Fig. 26 



H 


Fig. 27 


8 Henner, Dissertation, Tubingen (1930). 

a Kipping ami Salwuy, J . Chew. Stic., 85, 43S (19041. 

10 Frerejarque, Com pi. rend., 187, S94 (1928); Awn. chm., 14, 207 (1930). 
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and their acyl derivatives shows that they contain an asymmetric carbon 
atom, and also an “asymmetric” nitrogen atom. Two racemic forms 
or four optical isomers should exist. The fractional crystallization 
of the d-camphor-10-suIfonic acid and d-3-bromocamphor-8-sulfonie 
acid salts was studied by Pope, 11 and found to result in the production 
of two active forms only, which arc due to the asymmetric carbon 
atom. 

Hayashi 12 prepared a compound (Fig. 28) in which all three va- 
lences of the nitrogen atom were tied up in a complex ring system. At- 
tempts to resolve this compound were unsuccessful. 



Groth and Holmberg 13 prepared 2-thion-4-methyIthiazolinc-3- 
acetic acid (Fig. 29), but could not resolve it with d-phenylethylaminc. 




-N— CHsCOsH 


CIT=C — CII3 
Fig. 29 


Stewart and Allen 11 studied the resolution of tertiary amines at 
very low temperatures, but were unable to resolve et hylbenzylanilinr 
with either d-camphorsulfonic acid or d-bromocamphorsulfonic acid 
at —78° C. 

If the configuration of the molecule could be fixed, then resolution 
should be successful. The possibility that heavy negative groups, 
such as acyl or sulfonyl, would be less mobile than alkyl or aryl groups 
led Schreiber and Shrincr 15 to preparti the following unsymmetrically 
substituted p-phenyleriediarriine derivatives (Figs. 30, 31, and 32) and to 
study their resolution by means of d-camplior-10-sulfonic acid. In 

11 Pope and C lark, J. Cham. Hue., 85, 1330 (1904; ; Pope and Berk, ibid., 91, 45S 
(1907) ; Pope and Kead, ibid., 97, 2199 (1910). 

11 Hayashi, Hull. Inal. Phyx. Chem. Research {Tokyo), 9, 970 (1930). 

13 Groth and Holmberg, Bar., 66, 289 (1907). 

14 Stewart and Allen, J . Am. Chem. Hoc., 64 , 4027 (1932). 

16 Schreiber and Shriner, ibid., 57, 1306, 1445, 1896 (1935). 
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these compounds, salt formation takes place at the free p-amino group, 
and hence salt formation should not disturb the spatial arrangement 
about the tertiary nitrogen atom. 

CsHiSO^ ^OAH 4 CH a (p) 


CH 3 C(\ >S0 2 C*H 8 
\n/ 


cji # so 3 Xn/ so 2 ch 3 


nh 2 

Fiq. 30 


NH 2 
Fiq. 31 


I 

NH 2 
Fiq. 32 


These salts were shown by analysis to consist of one mole of the base 
and one mole of the d-camphor-10-sulfonic acid. Upon studying the 
optical rotation of these salts it. was discovered that methanol, ethanol, 
or chloroform solutions of these compounds exhibited mutarotation. 
Thismutarotation (cf. p. 307) was shown to be due to a reaction of the 
primary amino group with the keto group of the d-camphor-10-sulfonic 
acid forming ketimines. Decomposition of the salts or ketimines always 
gave optically inactive products. 

Fractional crystallization of the brucine salts of the substituted imide, 
Fig. 33, also failed to yield diastereoisomeric salts. The compound, 
Fig. 34, N-(/-menthoxyacetyl)-saccharin, contains three acyl groups 


CO 


>N — ClUCO.Ii 


S0 2 



X — coch 2 oc w ii» 


Fig. 33 Fiq. 34 

Fractional crystallization failed to yield 


attached to the nitrogen, 
diastereoisomers. 

From recent studies on the resonance (p. 1950) of electrons between 
different atoms in a compound, Pauling 15 has suggested that com- 
pounds having phenyl or acyl groups attached to nitrogen may not be 
resolvable, owing to resonance between the unshared pair of electrons 
on the nitrogen and the adjacent unsaturated groupings (Fig. 35). 


R 

R:N: 

C::0 ; 

H 

Fiq. 35 

18 Pauling, J. Chem. Pkys., 1, 600 (1933). 


R 

R:N 


C:0: 
R " 
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Mumm and Herrendorfer 17 reported the isolation of two racemic 
forms of the dicyanodihydroquinoline to which were assigned the 
structures shown in Figs. 36 and 37. The compounds were produced by 
the action of cyanogen bromide and hydrogen cyanide on quinoline. 



Fig. 36 Fra. 37 


Pairs of isomcrides were also obtained 18 with 3-mcthylquinoline, 
6-methylqu incline, G-methoxy quinoline, and /J-naphtliaquinoline. Both 
the isomcrides of Figs. 36 and 37 gave quinolino-2-carboxylic acid upon 
treatment with hydrochloric acid at 150°. Both isomers yielded 2- 
cya noquinoline by the action of iodine in chloroform in the presence of 
sodium acetate. Iodine in alcoholic pyridine solution converted them 
into the same apocyanine dye (Fig. 3S). 


CX 



CN 
Fig. 38 


The continued persistence in the attempts to resolve a trivalent 
nitrogen compound, in view of the astonishing number of failures, can be 
accounted for only by the convincing, indirect evidence for the tetra- 
hedral structure of the nitrogen atom. This evidence may be summa- 
rized briefly. 

The tetrahedral structure of the nitrogen atom is indicated by the 
classes of compounds known as nitriles (Fig. 39) and the diazonium salts 
(Fig. 40). Since the tetrahedral structure for the carbon atom is well 
established, the ease of formation and stability of the nitriles in which 
three valencies of carbon are attached to three valencies of nitrogen is 
indicative of a tetrahedral structure for nitrogen rather than a planar one. 

17 Mumm and Herrendorfer, Her., 47, 758 (1014). f ' 

18 Mumm, Ludwig, Lu, and ItadenhaUBcn, Ann., 514, 34 (1934). 
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In the second place, it is well known that a nitrogen atom may be 
substituted for a =CH— group, or an —Nil — group for a — CH 2 — 



Fia. 39 Fig. 40 


radical. Such substitution may even produce an increase in the relative 
stability of the analogous compounds. This is well demonstrated by 
comparing benzene and pyridine (Fig. 41), hexahydrobenzcnc and 
piperidine (Fig. 42), cyelopentadienc and pyrrole (Fig. 43). It appears 
to be logical that, if a tetrahedral group is replaced by a second group 
without a decided change in stability of the resulting compound, the 
second group must be tetrahedral or nearly so. Such compounds as 
the tetrazolos, Fig. 44, could not possibly form if the bonds of the ni- 



Fig. 41 Fig. 42 Fia. 43 Fia. 44 


trogen atom all lie in the same plane. Recently it has been shown 
from x-ray data that the nitrogen atom in hexamethylenetetramine 
(Fig. 45) lies at the peak of a three-sided pyramid with a carbon atom 
at each corner of the base. The presence of the nitrogen atom in a 
complex ring system of tin 1 quinuclidine typo (Fig. 16), or in such com- 
pounds as those shown in Fig. 47 and Fig. 28, makes it almost imperative 



Fig. 45 Fig, 40 Fig. 47 

^at the nitrogen atom be tetrahedral, since these compounds arc very 
stable. 
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In contrast to the fact that no trivalent nitrogen compounds have 
been resolved are the numerous pairs of syn and anti oximes (Figs. 48 
and 49) which can be explained only on the basis of a tetrahedral nitro- 
gen atom. The resolution by Mills 19 and his students of the compounds 
shown in Figs. 50, 51, 52, 53, and 54 is further proof that the three 
valencies of the nitrogen are not coplanar. The oxime, Fig. 50, would 

R— C— R' R- C R' 

I! !! 

N— OH IIO— N 

Fig. 48 Fig. 49 


X 

f 

N— CH.C.H* 

1 

C«II 6 


ho 2 c- 


/CH 2 — CH: 




^CHsr- C 112^ 


Fig. 51 


Ik /CII 2 — CH r 
>C< 

HOaC 7 X CH 2 — CH 2 ' 


Fig. 50 


€=X 

I 

Oil 



CH 2 — CH 2 \ 


C— N 


'CH 2 — CII 2 ' | 

H— X— COXH2 

Fig. 52 


/ CI N 


ch 2 ch— s 

1 i 

II 

o 

ch 2 ch- s 

7 

Nth,/ 

II — N — C 6 H,N 


Fig. 53 



possess a plane of symmetry if the hydroxyl group extended straight out 
coaxially with the carbon-double-bonded-nitrogen linkage. 

Consideration of the physical properties of ammonia, the amines, 
and other trivalent nitrogen compounds also points rather conclusively 

" Mills and Bain, J . Ch:?n. S>x., 97, I860 (1910) ; Hud., 105. 04 (1914); Mills and 
Saunders, ihi<L, 537 (1031;; Mills and Schindler, ibid., 123, 31 2 (1923). 
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to a non-planar arrangement of the nitrogen valencies and supports the 
tetrahedral structure. 20 Ammonia and the amines possess considerable 
dipole moments which arc most readily explained on a tetrahedral basis. 
The principal moments of inertia of the ammonia molecule have been 
calculated from studies on its infra-red absorption spectrum, and these 
data indicate a tetrahedral shape. The exact dimensions of the ammonia 
molecule have been determined: 21 the perpendicular distance from the 
nitrogen to the center of the face is 0.34 to 0.30 A, the length of the N~H 
distance is 1.01 A, and the distance between any two hydrogen atoms is 
1.04 A; the angle between the nitrogen valencies is 108 to 109.5°. Studies 
on the crystal structure of solid ammonia by x-rays 22 and theoretical 
calculations 23 point to a tetrahedral arrangement. Also, the dipole- 
moment studies 24 and observations on the vibration spectra 25 of hydra- 
zinc indicate a non-planar arrangement of the valencies of the nitrogen 
atoms. 

Since all the foregoing chemical and physical evidence points so con- 
clusively to a non-planar arrangement of the valencies of trivalent nitro- 
gen compounds, it seems that the failure to resolve suitably substituted 
derivatives of ammonia must be due to some particularly easy mode of 
racemization by a mechanism which requires very little energy. 

Meisenheimor 26 pointed out that passage of the nitrogen atom of a 
compound NRR'R" through the plane of the three substituents, R, R', 
and R", would produce the enantiomorphic form. If rapid vibration 
between the two positions shown in Figs. 55 and 5G takes place, only 



29 In many papers, trivalent nitrogen compounds are designated as pyramidal, the 
unshared pair of electrons being disregarded. This is merely a matter of nomenclatuio, 
the viewpoints are identical. CY- “Organic Chemistry of Nitrogen,” Si dg wick, laylor, 
and Baker, Oxford Univ. Press (1937), p. 3S. 

21 Migeotte and Barker, Phys. Rev., 50, 4 IS (1930) ; Wright and Randall, ibid., 44, 
391 (1933). 

22 Mark and Pohland, Z. Krist, 61, 532 (1925); de Smedt, Bull. sci. acad. roy Bdg., 
151 U, 655 (1925). 

23 Penney and Sutherland, J. Chan. Phys., 2, 492 (1934). 

24 Audrieth, Nespital, and Ulieh, J. Am . Chcm. Soc., 55, 673 (1933). 

25 Imanishi, Sci. Pajwrs Inst. Phys. Chan. Research ( Tokyo ), 16, 1 (1931) ; Sutherland, 
-Yah/ re, 126, 916 (1930). 

26 Meisenheimor, Angerinann, Finn, and Vicweg, Bcr., 57, 1747 (192-*). 
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racemic modifications would result. A side view of this vibrational 
process is shown in Figs. 57, 58, and 59 in which the dots represent the 
three substituents on one face of the tetrahedron. 



Fig. 57 Fig. 58 Fig. 59 


Such a vibration of the nitrogen atom offers an explanation of some 
of the doublet structure of many of the lines in the absorption spectra of 
ammonia. 27 Wall and Glockler 28 have found that the theoretical and 
calculated values for the doublet separations for the parallel type fre- 
quencies of mono-, di-, and trideutero ammonias agree very well on the 
basis of such a vibration of the nitrogen atom. 

Calculations of the energy required to cause the nitrogen atom to 
pass through the plane of the hydrogen atoms have been made. r lhe 
values 28, 23, 30 obtained range from a low of 6 kcal. 29 to a high of 11 
kcal. 30 per mole. For resolution to be possible at room temperature &E 
should be greater than 25 kcal. per mole. It thus appears that the 
resolution of an amine of the type NliltTi" is impossible at room tem- 
perature. On the other hand, the activation energy for N-metliyl- 
ethyleneiminc was calculated to be 38 kcal. per mole, and thus a resolu- 
tion of a properly substituted cthyleneimine appears possible. 30 The 
resolution of compounds of the types shown in Figs. 00. 01, ami 02 


(Clli)aC— CII 2 

\/ 

X 

I 

so 2 r 

Fig. 60 


(CH 3 ) 2 C - CII 2 
\/ 

X 

I 

R 

Fig. 61 


(C1I 3 ),C - C(C,H 6 )* 

\/ 

N 


It 


Fig. 62 


should be possible; a number of investigations 31 have been carried out 
on the synthesis and resolution of such compounds, but up to the present 


27 Barker, Phys. Iter., 33, 084 (1929; ; Badger, ibid., 35, 1038 (1930). 

28 Wall and Glockler, ./. Chem. Phys., 5, 314 (1937). 

« Manning, ibid., 3, 130 (1935). 

80 Kincaid and Heririques, J. Am. Chem. Soc., 62, 1474 (1940). 

21 Meisenhcirncr and Chou, Ann., 539, 70 (1939); Adams and Cairns, J . Am. Chnn- 
Soc., 61, 2404 (1939); Mole and Turner, Chemistry & Industry , 583 (1929); Maitland, 
Ann. Rcpts. Chem. Soc. {London), 36, 243 (1939). 
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time no positive results have been obtained. Difficulties are experienced 
in synthesizing the properly substituted ethyleneimines and also in 
obtaining crystalline derivatives suitable for separation. 

Quaternary Ammonium Salts . It is well established that in ammoni- 
um salts, such as ammonium chloride, the nitrogen is attached to the 
four hydrogen atoms forming the positive ammonium ion and the 
chlorine is present as the negative chloride ion with no direct union 
between the two except the electrostatic charge (Fig. 63). 

The fact that this fifth valence of nitrogen is an clectrovalence and 
that the other four are covalencies was shown by Schlenk, 32 who pre- 
pared the two compounds shown in Figs. 64 and 65 and found that these 


- H - 

II :X:H 

. H - 
Fig. 63 


+ 


ci- 


[(CH 3 ) 4 X] + [C(C 6 H 5 ) 3 ]- [(CH,) 4 X] + [CH 2 C 6 H s ]- 


Fig. 64 


Fig. 65 


compounds containing only alkyl groups behaved in a manner analogous 
to other ammonium salts when dissolved in a suitable solvent. They 
conducted the electric current and showed all the evidences of ioniza- 
tion. 

Hager and Marvel 33 also demonstrated that five alkyl groups could 
not be similarly attached to a nitrogen atom. The reaction of lithium 
alkyls with quaternary ammonium halides produced unstable penta- 
alkyl nitrogen compounds which immediately decomposed into hydro- 
carbons and tertiary amines, as expressed by the following type reaction: 

LiU' + [R 4 X] + Br“ -> [R 4 X]+R'- + LiBr 

1 

R 3 X + CJW2 + CrJHn 

In no case was the Tt' group furnished by the alkyllithium ever found 
attached to the nitrogen of the. tertiary amine in the final product. 
Meisenheimcr 34 also succeeded in preparing the two isomeric com- 
pounds shown in Fig. G6 and Fig. 67 which underwent decomposition in 
the manner shown. 


[(CH,) 3 NOC,H»] + [OCHs]- (CH 3 )|X + HCIIO + C 2 H 6 OH 
Fig. G6 

bCH 3 ) 3 NOCII 3 ] + [OC 2 Il 6 ] - -► (CII 3 ) 3 N + CHsCHO CH 3 OH 
Fig. 67 

32 Schlenk and Holtz, Ber., 49, 003 (1916) ; 50, 274 (1917). 

3S Hager and Marvel, J. Am. Chvm. 48, 2(>S9 (1920). 

34 Meisenheimcr, Anti,, 397, 273 (1913); Henze, Her., 70, 1270 (1937). 



414 


ORGANIC CHEMISTRY 


If the five valencies of the nitrogen were equivalent no isomers should 
have been obtained and the decomposition products should have been 
identical. 

With the recognition of the fact that the ammonium ion contains 
only four groups directly attached to the nitrogen atom, it is clear that 
quarternary ammonium compounds with four different groups attached 
(Fig. 68) should exhibit optical isomerism. The nitrogen atom of the 
ammonium ion should, therefore, be represented as a tetrahedron, 
shown in Fig. 69. It is evident that the negative ion plays no part in 
determining the asymmetry of the molecule. 



Fio. 68 


Fig. 09 


In 1891, Le Bel 35 inoculated a solution of methylethylisopropyl- 
isobutylammonium chloride (Fig. 70) with Penicillium glaucum and 
found that, after a time the solution exhibited a specific rotation of -7 
to —8°, indicating that the mold had destroyed some of the dextro- 
Lsomer. 

In 1899, Pope and Peachey 36 succeeded in obtaining both the el- 
and Worms of methylallylbeiizylphenylainmonium iodide (Fig. 71). 


c 2 h 5 


CII=CII 2 “ 

C H 3 — X — C 3 1 1 7(1 so) 

pi - 

CII 2 

ch 2 

L. 1 

1 

CH3-N-CH2C6IT5 

C H(CH,) a 


1 

C 0 H 5 


Fro. 70 Fig. 71 

The separation was accomplished by crystallization of the d-a-bromo-x- 
camphorsulfonates and decomposition of the two salts by potassium 
iodide. Wedekind 37 resolved the cyclic compound shown in Fig. 72, 
thus demonstrating that tw 7 o of the valencies of the nitrogen could be 

35 Le Bel, Compt. rmd., 112 , 724 (1891) ; J. chim . phys-, 2 , 340 (1904). 

36 Pope and Peachey, J, Chem. Soc,, 75, 1127 (1899); Pope and Harvey, ibid., 7 , 
834 (1901). 

37 Wedekind and Wedekind, Ber., 40 , 4450 (1927). 
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members of a ring. However, compounds of the structure shown in 
Fig. 73 could not be resolved, and construction of the model of this 
molecule shows that the R group is in the plane of the two rings; this 
molecule, therefore, possesses a plane of symmetry and should be non- 

+ 

X" 


Fig. 72 Fig. 73 




resolvable. Many other quaternary ammonium salts have been re- 
solved, and there arc now many examples of active quaternary ammoni- 
um ions. 38 Some of these are the following (Figs. 74, 75, and 76), where 
R *= C2H5, n-CaHy, i$o-C3H 7 , n-C^IIg, fso-C 4 Hg, or m-C 5 Hn : 



Wedekind 39 obtained two forms of the molecule shown in Fig. 77 
corresponding to the meso and racemic forms. 


CH|— N— CHiCHiCIIs— X— CHj 

I I 

C 2 Hs C2H5 . 

Fig. 77 

Unique proof that nitrogen in ammonium compounds is tetra- 
hedral was furnished by Mills and Warren 4Ua in 1925 when they suc- 
ceeded in preparing and resolving 4-phenyl-4'-carbcthoxy-6fs-pipcridin- 

33 Jones, J. C 'hem. Soc., 85 , 223 (1904); Thomas and Jones, ibid., 89 , 280 (1906); 
Jones and Hill, ibid., 93, 295 (1908); Wedekind and Frolich, Bcr ., 38, 3438 (1905); 40, 
1( W1 (1907). 

38 Wedekind and Wedekind, Bcr., 43 , 2707 (1910); Wedekind and Goost, Bcr., 49 , 
942 (1916). 

Mills and Warren, J , Chctn. Hoc., 127 , 2507 (1925). 


++ 

21 “ 
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ium-1,1 '-spirane bromide. This molecule has the nitrogen present as 
the spirane atom common to the two rings, as shown in the formula and 
space drawing, Fig. 78a. With the nitrogen tetrahedral as represented 

“C2H5O2C. .ch 2 -cii 2v ^CH 2 — CH 2 . /C 6 H 5 

X 

IT CH 2 — CHa CH 2 — CHr II 


+ 

Br- 



Fiq. 78a 


in this figure, the molecule is asymmetric and should be resolvable. 
However, if the nitrogen atom were pyramidal, as many early investi- 
gators believed, then the model of this compound would appear as shown 
in Fig. 786. This model possesses a plane of symmetry passing through 


Br 



the nitrogen atom and the groups in the 4,4 '-positions. Its mirror 
image is identical with it, and no optical isomerism is possible. Since 
Mills succeeded in resolving the compound, it follows that the first 
spirane structure is correct and the nitrogen atom is tetrahedral. This 
spirane is analogous in every respect to the spiranes previously discussed, 
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in which a tetrahedral carbon atom occupies the position common to 
both rings. 

The preparation of the two quarternary salts shown in Figs. 79a and 
79b has been reported by J. R. Johnson . 406 The first compound (Fig. 




79a) contains two similar asymmetric carbon atoms and hence exists in 
a dl and a rncso form, both of which were isolated. 

The second quarternary salt (Fig. 79b) contains a pscudoasymmetric 
nitrogen atom and hence this salt should exist in one racemic modification 
and two meso forms. All three forms were isolated. 

Amine Oxides. These compounds, which have the general formula 
R 3 NO, may be prepared by two methods. The direct action of 
hydrogen peroxide on a tertiary amine results in the formation of a 
hydrate (Fig. 80) in the solution. Evaporation of the solution yields 
crystals of the amine oxide dihydrate, RaNO^HgO, which, upon gentle 
heating in a vacuum, loses its water of crystallization and combination, 
and yields the anhydrous amine oxide shown in Fig. 81. 


R 

R:N: + H*0. 
R 


' R "| + R 

R:N:OH OH~ -> R:N:0: + H 2 0 


L R 


R 


Fig. 80 


Fig. 81 


A second method of preparation is by the condensation of a disub- 
stituted hydroxy la mine with an alkyl iodide. The quaternary iodide is 
treated with silver hydroxide and a hydrate is produced which upon 
drying in vacuo gives the amine oxide. The equations at the top of p. 418 
summarize the reactions. 

These amine oxides and especially their hydrates arc crystalline 
solids readily soluble in water. Such solutions possess a rather low 
conductivity as compared with the quaternary ammonium hydroxides. 

The structure shown in Fig. 82 represents the oxygen as held to the 
nitrogen by a semi-polar linkage: i.e., by a pair of electrons furnished by 

406 Johnson, Eighth National Organic Chemistry Symposium, St. Louis, Mo. (1939). 
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the nitrogen atom. The evidence in favor of such a structure is based on 
a determination of dipole moments, parachors, and especially on Meisen- 
heimer’s observation that amine oxides containing three different R 
R f R 1+ r R -i + 

•* ** ** •• AgOTT ** •• 

R:X:0:H -f- RI — > R:N:0:H I- — — > R:N:0:II [OH]- 

R " J L R ’’ _ 

R 

R:N:0: 
it ” 

Fig. 82 

groups are capable of being resolved into optical enantiomorphs. The 
spatial formula for such molecules is shown in Fig. 83, in which the 
nitrogen atom is represented by the tetrahedron. The amine oxides form 



[cMormJ ! [MormJ 

Fig. 83 

addition compounds with alkyl halides and acids, as indicated by the 
equations: 

R 3 XO + C1I 3 I -► [R 3 XOCII 3 ] + 1“ 

R3XO+ XIX -► [RaXOH]+X“ 

Using the last type of reaction Meisenheimer 40c formed salts of 
asymmetrical amine oxides with d-bromocamphorsulfonic acid, sepa- 
rated the diastereoisomeric salts, and regenerated the amine oxides by 
means of alkali. In this manner, the following amine oxides were re- 
solved : 

C2H5 C 2 IX 6 C 2 II 5 

CHi: N : 0 : CH 3 ‘. N : 0 : CH 3 : X : 6 : 

CH 2 C & H 6 Cu,II 7 («) 

CH 
II 

ch 2 

3/d = 3° 3/d=40° 3/d = C5° 3/d =88° 

Fig. 84 Fig. 85 I^ig. 86 Fig. 87 

40c Meisenheimer, Ber., 41, 396G (1908; ; Ann., 385, 117 (1911); 428, 252 (1922); 449, 
191 (1926;. 
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It is noteworthy that the molecular rotations become higher as the 
differences between the groups become greater (Figs. 84, 85, 86, and 87). 

Sulfur. Sulfonium Salts. The reaction between sulfides and an 
active halogen compound produces sulfonium salts with the structure 
shown in Fig. 88. If the sulfur possesses a tetrahedral distribution of 


R' 

R:S: + R":X: 


" R' 
R:S: 

_ R". 

Fig. 88 


:X: 


its valencies and the unshared pair of electrons acts as the fourth group, 
then optical isomers arc possible, provided that the R groups are dif- 
ferent. 

The resolution of sulfur compounds of this type was accomplished 
simultaneously by Pope and Peachey 41 and by Smiles 42 in 1900. The 
addition of bromoacctic acid to methyl ethyl sulfide yielded methyl- 
cthylcarboxymcthylsuifonium bromide (Fig. 89). 


c 2 h 6 

CHi:S: + BrCH 2 C0 2 H 


c,h 6 

CHaSS: 

OH* 


co 2 h 


»r“ 


Fig. 


This bromide was treated with silver d-camphorsulfonate, the silver 
bromide was removed, and the resulting d-camphorsulfonate (Fig. 90) 


C 2 H* 1+ 


CH 3 :S: 


[OSO 2 Ci 0 Hi 6 O]- 


ch 2 

I 

co 2 h 


Fig. 90 


was recrystallizcd 40-50 times from an alcohol-ether mixture. The less 
soluble salt proved to be the d-methylcthylcarboxymethylsulfonium- 
d-camphorsulfonate which possessed a molecular rotation of Mb = +68°. 
Fhe rotation of the camphorsulfonate ion is +51.7°, which leaves a 

41 Pope and Peachey, J. Chem. Soc ., 77, 1072 (1900). 

42 Smiles, ibid., 77, 1174 (1900). 
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rotation of +16.3° for the optically active d-sulfonium ion. Treatment 
with chloroplatinic acid removed the camphorsulfonate ion and gave 
the chloroplatinate (Fig. 91) which had a specific rotation of +4.5° and 
Jlf D of +30.2°. 

By a similar procedure, Smiles 42 obtained the picrates of the two 
active forms of methylethylphenacylsulfonium ions (Fig. 92) by crystal- 
lization of the d-bromocamphorsulfonates. 


C 2 H 5 ' 


C a II 6 ■ 

+ 

0- 

CH,:S: 

ch 2 

| 

[Ptci.]- 

CH.:S: 

cit 2 

1 


1 

° 2 N0N° 2 

co 2 hJ 

i 

COCslh 

i 

i 

no 2 _ 


Fig. 91 Fig. 92 


cl-form, au = +8.1° 
Worm, £*d — —9.2° 


The mercuritriiodide and tetraiodide of the phenacylmethylethyl- 
sulfonium salt have been obtained in optically active forms and also 
the eadmiiodides. 43 Their formulas (Fig. 93) may be represented as 
follows: 


B + [HgI 3 ]~ 


where B is 


[B + ] 2 [HgI 4 ]= [B+] 2 [CdI 4 ]= [B + ]j[CdI 6 ] - 

C 2 H B 1+ 

CH 3 :S: 

CH* 

I 

L COCeHfiJ 

Fig. 93 


An attempt by Smiles 44 to secure optically active sulfonium com- 
pounds by the combination of methyl ethyl sulfide with f-menthvl 
a-bromoacetate failed since the two diastcueoisomcric methylethylthe- 
tine bromide J-menthyl esters were produced in equal amounts. 

Wedekind 45 obtained two forms (m.p. 123° and 154°) of the com- 
pound shown in Fig. 94 which correspond to meao and racemic forms. 

CH 3 OH 3 1++ 

C 2 H 6 :S:CH 2 CH 2 :S:C 2 H 6 21 ~ 

Fig. 94 

This compound has two similar sulfur atoms acting as centers of asym- 
metry. 

43 Balfe, Kenyon, and Phillips, ibid., 2554 (1930). 

44 Smiles, ibid., 87, 450 (1905;. 

4& Wedekind, Ber., 58, 2510 (1925;. 
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These optically active sulfonium ions of the general formula in Fig. 95 
are electronically similar to the negative carbanions, Fig. 96, discussed 


- R - 

+ 

- R - 

R':S: 

X- 

R':C: 

. R"_ 


. K". 


Fig. 95 Fig. 96 


on p. 388. In each case one corner of the tetrahedron is occupied by an 
unshared pair of electrons. 

Sulfinic Esters and Sulfoxides. The resolution of sulfinic esters of the 
general formula RSOOR was of great importance, since it was the first 
case of the existence of optical isomers in a neutral compound containing 
only three groups attached to the central atom. In 1925 Phillips 40 
digested together the p-tolucnesulfinatc of /-2-octanol and ethyl alcohol. 
A partial ester interchange took place, and by fractional distillation the 
optically active ethyl ester was obtained. The only structure capable of 
explaining the optical activity of this ester is that shown in Fig. 97 which 
must replace the old formula shown in Fig. 98. 



0: 

S: 0 : C2II6 


0 


CII 3 


/ Vi 


S-OC 2 II B 


Fig. 97 


Fig. 98 


It is clear that in Fig. 97 the sulfur is asymmetric, whereas in Fig. 98 no 
asymmetry is indicated. In the same way, the optically active n-butyl 
ester of p-toluenesulfinic acid was obtained. The process was also suc- 
cessful if Z-menthyl p-tolucnesulfinate was used as the starting material. 

The fact that sulfur compounds of this general structure may exist 
in optically active forms was even more strikingly confirmed by the 
resolution 47 of the three sulfoxides shown in Figs, 99, 100, and 101. 


, — . :0: /— y 

CIl/ V- NIL 

w 546i “ ± 1230 

Fig. 99 


C0 2 II 

CH s :S:/ % 


Fig. 100 


C0 2 II 

W«6l" + : 2360 
Fig. 101 


46 Phillips, J. Chcm. Soc., 127, 2552 (1925). 

47 Harrison, Kenyon, and Phillips, ibid., 2079 (1926). 
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The disulfoxide shown in Fig. 102 contains two similar asymmetric 


C0 2 H 

.. Q ~ 

CH 3 :S: :S:CII 3 

: 0 : : 0 : 

Fig. 102 


Cells: 


OCOCHi 



„ OCOCII 3 
Fig. 103 


sulfur atoms and hence should exist in a meso and racemic modification. 
This prediction was realized experimentally by Bell and Bennett, 48 
who obtained the two isomers. One of them was resolved; the other 
resisted resolution. The two diastereoisomers of Fig. 103 were obtained 
by Alaelean and Adams. 49 

The electronic formulas shown above for the sulfinic esters and sulf- 
oxides represent the oxygen attached to the sulfur as a semi-polar oxy- 
gen. This linkage of the oxygen to the sulfur by a single pair of electrons 
is supported not only by the above stereochemical evidence, but also by 
measurements of the dipole moments of sulfoxides. 

Sulfilimines. By the condensation of chloramine-T with m-oarboxy- 
phenylmethyl sulfide a compound was obtained known as a sulfilimine, 
usually represented by the formula shown in Fig. 104. This compound 



Fia. 104 


was resolved into d- and Worms by means of the brucine and cinchonine 
salts. The conventional structure above indicates no reason for the 
asymmetry. Clarke, Kenyon, and Phillips 50 point out that, if the nitro- 
gen-sulfur linkage is semi-polar like that of the sulfur-oxygen linkage in 
Fig. 99, then the sulfur atom is asymmetric and the existence of optical 
isomers becomes obvious. Such a structure is shown in Fig. 105, in 



iiS: *:✓ > 

0:“ CH; 


C0 2 il 


Ws64i= + 337 e 

Fig. 105 

44 Bell and Bennett, ibid., 1 (1930). 

49 Maclean and Adams, J . Am. Chem. Sac., 68, 4681 (1933). 
60 Clarke, Kenyon, and Phillips, J. Chem. Soc., 188 (1927). 
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which the asymmetric sulfur atom is indicated by an asterisk. The 
analogous ethyl derivative was also resolved (Fig. 106). 


Ch/ \*S:N:S*: 

:0:" C 2 Hi 


co 2 h 

/ A 


WfiML " + 368 ° 
Fig. 106 


Selenium. The selenonium salts behave in a manner quite anal- 
ogous to the sulfonium salts. Thus, methyl phenyl selenidc combines 
with bromoacetic acid to give mcthylphcnylcarboxymethylselenonium 
bromide (Fig. 107). 

C 6 H 5 

CH 3 :Se: + BrCH 2 C0 2 H -» 


Fig. 107 


CeHs 

CH 3 :Se: 

CH 2 

I 

co 2 h 


Br~ 


In this compound the selenium is asymmetric and should exhibit 
optical isomerism. By treatment with silver d-bromocamphorsulfonate, 
Pope and Neville 51 succeeded in obtaining the bromocamphorsul fo- 
liates which were separated by repeated crystallization. The bromocam- 
phorsulfonates ivere converted to the chloroplatinates (Fig. 108) which 
had Mj) of +55.0 and —54.3°, respectively. 


C$H& 1 + 


CH s :Sc: 


[PtCl,]- 


CII 2 

I 

COaH J 2 

Fig. 108 


Attempts to resolve 82 selenoxides of the structures shown in Figs, 
109, 110, and 111 failed, although it is to be expected that the resolution 
of this type of selenium derivative should be possible if the right condi- 
tions were obtained. 

51 Pope and Neville, ibid., 81, 1552 (1902). 

M Gaythwaite, Kenyon, and Phillips, lin'd., 2280, 2287 (1928) ; Edwards, Gaythwaite, 
Kenyon, and Phillips, ibid., 2293 (1928). 
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Fig. 109 Fig. 110 Fig. Ill 


Tellurium. The quadrivalent derivatives of this element were for 
some time cited as the outstanding examples of the presence of four 
valencies in one plane. Vernon 53 reported the isolation of two geo- 
metrical isomers corresponding to Figs. 112 and 113, but recent investi- 
gations by Drew 54 and by Lowry and Gilbert have shown that no such 
isomers exist, and that the compounds obtained were molecularly dif- 
ferent. In 1929, Lowry and Gilbert 55 isolated phcnyl-p-tolylmethyl- 
telluronium salts (Fig. 114) in optically active forms which had molecular 
rotations of about 70°. The compounds racemize readily, but the beha- 
vior of these telluronium salts indicates that they are very similar to the 
sulfonium and selenonium salts. The tellurium atom is hence tetra- 

I 

I 

CH 3 — 1 Te— CH 3 

I 

I 

Fig. 112 

hedral and not planar since no optical activity whould be possible if the 
above structure were planar. Telluronium oxides (Fig. 115) have not as 
yet been split into optical enantiomorphs. 

Tin. In 1900 Pope and Peachey 66 synthesized mnthylethyl-w- 
propylstannonium iodide (Fig. 116) by the following reactions: 

Zn(C 2 H 6 ) 2 

Sn(CIIj)|I — > Sn(CII,),C*II s 

jr, 

Sn(CIIj) 2 (CjHt) (C jI [ ; ) < - (Ca " 7>: Sn(CH,)^CJI»)I 

'* r C 2 h 6 i + 

1 * CH,:Sn I- 

c 3 h 7 . 

Fig. 116 

“Vernon, ibid., 117, 86, 889 (1920) ; Kiiugga and Vernon, ibid., 119, 105 (1921), 

M Drew, ibid., 560 (1929). 

iS Lowry and Gilbert, ibid., 2867 (1929). 

Pope and Peachey, Proc. Roy. Hoc. (London) , 16, 42, 116 (1900). 
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The product was a yellow oil insoluble in water. When treated with 
silver d-camphorsulfonate a salt was obtained which had M d of +95°, 
thus indicating that the rotatory value of the melhylethyl-n-propyl- 
stannonium radical was about +45°. The salt was then converted back 
to the iodide which was an oil with Mu of +23°. Hence, the tin com- 
pounds arc analogous to the other optically active onium salts, and the 
tin atom is tetrahedral in these compounds. Only the d-form. of the 
above salt could be obtained, since, on concentrating solutions of the d- 
camphorsulfonatc salt, the d-mcthylethyl-n-propylstannonium d-cam- 
phorsulfonate was the less soluble and crystallized out of solution. The 
/-form in solution changed over to the d-form as evaporation of the 
mother liquor proceeded until the conversion was complete. Similar 
results were obtained with the stannonium salts of d-bromocamphorsul- 
fonic acid. 

Germanium. Schwarz and Lewinsohn &7 added germanium to the list 
of elements with tetrahedral asymmetry by the resolution of phenyl- 
ethylisopropylgermanium bromide (Fig. 117) through the d-bromo- 
camphorsulfonate. P Cells! + 

(CH 3 ). 2 CH:cie Br~ 

C 2 H & , 

Fig. 117 

Phosphorus. The investigations on the compounds of phosphorus 
have not been so numerous as those on the nitrogen compounds. 
Although unsymmetrical phosphines RR'R"P and phosphonium com- 
pounds [RR'R"R"'P] + X - should be resolvable, no optical isomers of 
these compounds are known. The action of alkali metal alkyls on 
quaternary phosphonium halides 58 shows that no pentaalkyl phos- 
phorus compounds exist in which five equivalent valencies are attached 
to the phosphorus atom. 

However, Meisenheimer 59 succeeded in resolving methylethyl- 
phcnylphosphinc oxide (Fig. 118) by means of d-bromocamphorsulfonic 
acid. Kipping 60 also obtained the two diastereoisomeric forms of 
phenyl-0-naphthylphosphoryl-/-menthylamide (Fig. 119). 

C 2 H 6 NHCioIIiaffi 

CII 3 :P:0: C 6 H 6 0:P : 0: 

c 6 ii 6 o 

Ciol HP) 

Fig. 118 Fig. 119 

67 Schwarz and Lewinsohn, Bcr., 64 , 2352 (1931). 

68 Coffman and Marvel, J. Am. Chern . Soc., 61, 3496 (1929). 

M Meisenheimer and Lielitenstadfc, Her., 44, 356 (1911). 

e ° Kipping and Challenger, J. Chau. Sue., 99 , 026 (1911). 
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The meso and racemic forms of ethyl triphenylmethylpyrophospho- 
nate (Fig. 120) have been obtained by Ilatt. 61 Both forms give the 

OC 2 H 6 OC 2 H 5 

I I 

(C 6 H 6 ) 3 C— P — 0 — P — C(C 6 H 5 ) 3 

i l 

0 0 

Fia. 120 

same acid (Fig. 121) on hydrolysis, owing to ionization of the hydrogen 
atoms from the hydroxyl groups. 

OH OH 

I I 

(c 6 h 5 ) 3 c— p— 0 — p-C(C«h 5 ) 3 

i l 

0 0 

Fia. 121 

Arsenic. The stereochemical configuration of arsenic compounds is 
in all probability similar to that of corresponding derivatives of nitrogen 
and phosphorus. 

Investigations have shown that in arsonium compounds only four 
groups are directly linked to the arsenic and that the fifth valency is an 
electro valency. Friedrich and Marvel 62 studied reactions which might 
lead to isomeric products of the t} r pe IhjAsR' and R 3 R'AsR, as indi- 
cated by the following equations: 

2LiC 4 H 9 + 2[(C 2 H 5 ) 4 A*] + llr- -> 2[(C 2 H 5 ) 4 As] + [C 4 H 9 ]- + 2LiBr 

i 

2(C ! H 6 ) j As + C 2 H 4 + CjHt + C 4 H 8 + C 4 H 10 
LiC 2 H 6 + [(<J*HWC 4 H,)As]+Br- - [(C 2 II s ) 3 (C 4 H s )As] + [C 2 H 6 ]-+ Li Hr 

1 

(C 2 H 6 ) 2 (C 4 H 9 )As + c 2 h 4 + c* 

The pentaalkylarsines were very unstable and could not be isolated, 
but the fact that these two reactions gave entirely different decomposi- 
tion products showed that the arsenic atom does not share five pairs of 
electrons with five alkyl groups. The alkyl group furnished by the 
lithium never appeared attached to the arsenic in the tertiary arsine. 

Attempts to resolve arsonium compounds were for some time un- 
successful. Finally, in 1921, Burrows and Turner 63 succeeded in ob- 

41 Hatt, ibid., 776 (1934). 

** Friedrich and Marvel, J. Am. Chem. Soc., 52, 37G (1930). 

43 Rurrows and Turner, J. Chem. Soc., 420 (1931), 
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Liming a solution of phenyl-a-naphthylbenzylmethylarsonium iodide 
(Fig. 122) which showed a slight dextro rotation. The arsonium com- 
pound was resolved through the use of d-bromocamphorsulfonic acid, 
and the molecular rotation of the salts indicated rather conclusively 
that resolution was effected but racemization occurred during the re- 
moval of the bromocamphorsulfonic acid. The iodide itself also race- 
mi zed quickly. Kamai 64 resolved the arsonium iodide shown in Fig. 
123 by means of the d-broinoeamphorsulfonate. After crystallization of 


CioH,(a)“ 

+ 

c 2 h 6 

C 6 H5:As:CH 3 

I 

(a)C 10H7 : As : C 3 H j(/i) 

oh 2 


ch 2 

1 

| 

c 6 h 5 J 


1 

O— 

h 

1 


Fig. 122 Fig. 123 

this salt, it was treated with potassium iodide. The active iodide with 
[«]'b of +9.8° in acetone was obtained, but rapidty racemized. 

A much more satisfactory example of an optically active arsenic 
atom was found in ?>carboxyphenylinethylcthylarsine sulfide (Fig- 124), 

CIi 3 

C2H51 AsiS; 



C0 2 II 


Fia. 124 

which was resolved by Mills and Raper 06 in 1925. The Constitution 
of this compound is similar to the amino and phosphine oxides, but 
whereas the latter are basic and form salts, the tertiary arsine sulfides 
are neutral and the compound was resolved by salt formation of the 
carboxyl group with brucine. Both d- and Z-forms were obtained, 
[«]o = ±19°. It seems that one of the factors contributing to the suc- 
cess of the resolution is the fact that the arsenic atom was left, undis- 
turbed by the processes of salt formation and decomposition necessary 
to the resolution. 

Chatt and Mann 66 have prepared ethylene-a,j8-6is-(phcnyl-?i-butyl- 

61 Kamai, Ber., 66 , 1779 (1933). 

Mills, and Raper, /. Chan. Soc., 127 , 2479 (1925). 

61 Chatt and Mann, ibid., 610, 1622 (1939). 
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arsine) which has been converted into the 6is-(methopicrate) (Fig. 125). 
This latter compound was separated into two isomers which represent 
meso and racemic forms. Two similar 4-covalent arsenic atoms make 
this isomerism possible. 

The same diarsine was also converted to the fets- (arsine sulfide) (Fig. 
126) which was isolated in meso and racemic modifications. One was 
rapidly converted to the other by heating. On the other hand the 
diarsine coordinated with palladous chloride gave two diastereoisomerie 
non-ionic compounds (Fig. 127) which were extremely stable and did not 

CH 3 

cjt 9 

+ / 

OH.— As— C«H 5 

{0 — CeH^XO^a} J 

CH 2 — As— C ell* 

+ \ 

C,II 9 

ch 3 

Fig. 125 Fig. 126 Fig. 127 

undergo in torcon version even in molten state. This stability may lie due 
to the fact that the asymmetric arsenic atoms in the palladium com- 
pound form part of a chelated ring and thus cannot readily undergo a 
change of configuration. 

There is considerable evidence from spectroscopic and electron dif- 
fraction studies to show that stereochemically the 3-covalent arsenic 
atom can be regarded as lx i ing at the top apex of a partially flattened 
tetrahedron, 67 the inter valency angles at the arsenic atom being about 
100° instead of the normal value (60°). 

Organic compounds containing 3-covalent arsenic have now been 
prepared, and the results are confirmatory of the physical data on the 
structure of the arsenic atom. Allen, Wells, and Wilson 68 treated 
7-chloro-7,12-dihydro-7-benzophenarsazine (Fig. 128) with silver d- 
bromocamphorsulfonate and obtained two diastereoisomerie compounds, 
Fig. 121, with M d of +211.4° and +358.4°, respectively. The exist- 
ence of these two diastereoisomers may be due to the asymmetric arsenic 
atom since no optical isomers of secondary amines are known, or it may 

67 Sutherland, Lee, and Wu, Trans, Faraday Soc., 35, 1373 (.1939) ; Pauling and Brock- 
way, J. Am. Chem . Soc., 57, 2684 (1935) ; Gregg, Hampson, Jenking, Joneta, and Sutton. 
Trans . Faraday Soc., 33. 852 (1937); Springall and Brockway, J. Am. Chem. Soc., 60, 900 
(1938); Bradley, Phil. Mag., 47, G57 (1924). 

68 Allen, Wells, and Wilson, J. Am. Chem. Soc., 56, 233 (1934). 
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be due to molecular asymmetry produced by a folded structure of the 
molecule. 




Fig. 128 


Fig. 120 


Lesslie and Turner 69 prepared 10-me thy lphenoxar sine-2- carboxylic 
acid shown in Fig. 130. 



Fig. 130 


(^-Compound; m. p. 202-20.1° 
d-Taomer; m. p.135- 136°; (aLjgi + 95° 
i-Ieomer; m. p. 1 30-130°; (a]j 79 i — 90° 


The acid was resolved by means of strychnine, the two optical anti- 
podes were obtained with the rotations indicated. The authors suggested 
that the asymmetry of the molecule is not due to the arsenic atom alone, 
but that the molecule possesses a folded structure about the oxygen- 
arsenic axis, Fig. 131. The non-planar position of the rings seems reason- 
able in view of the measurements of the angle between the valencies of 
the oxygen atom. The two optical isomers may be represented by the 
figures shown in Fig. 131. The addition of methyl or ethyl iodide to the 


Miijror 



[ti-form] [Z-form] 

Fig. 131 

69 Lesslie and Turner, J. Chem. Soc., 1170 (1034). 
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optically active forms caused racemization to occur. If the optical 
activity is due to an asymmetric arsenic atom, the dimcthylarsoniiim 
compound should be inactive. The addition compound with ethyl 
iodide* (Fig. 132) should still contain an asymmetric arsenic atom as the 



Fig. 132 


arsonium ion and should retain its asymmetry. It was suggested that 
the racemization taking place when the active compound is treated with 
an alkyl halide is due to the fact that the conversion of the tri valent 
arsine to the arsonium salt involves a diminution in the effective size 
of the arsenic atom. The ionic radius of the arsenic in the arsonium 
ion is smaller than that of the arsenic in an arsine. According to Lesslie 
and Turner this change in the size of the arsenic atom would cause such 
agitation in the folded structure that racemization would result. 

The compounds corresponding to Fig. 130 with a phenyl or ethyl 
group in place of methyl on the arsenic atom were also resolved. 70 Oxida- 
tion of the active form of the phenyl derivative resulted in complete loss 
of activity. On the other hand, it was possible to resolve 10-phenyl- 
phenoxarsine-10-oxide-2-carbox3’lic acid 71 (Fig. 133). The active forms 



Fig. 133 


were relatively unstable. Owing to the similarity in size between the 
positively charged arsenic and oxygen atoms, the stability of a folded 
configuration in this molecule might be so decreased that optical activity 
dependent on it would not occur. This molecule, therefore, probably 
represents molecular dissymmetry of an arsenic oxide which previously 
all attempts have failed to demonstrate. 72 

70 Leaslie and Turner, ibid., 1051, 1268 (1935) ; 730 (1936). 

71 Leaelie, i)nd., 1050 (1939). 

72 Burrowa and Turner, ibid., 119, 426 (1921); Aeachlimann. and McClcland, ibid., 
125, 2025 (1924) ; Aeschlimano, ibid., 127, 811 (1925). 
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Chatt and Mann 73 point out that the previous work on the phenoxar- 
sine derivatives can be interpreted on the assumption cither that the 
three rings are coplanar and the R group on the arsenic atom projects 
above or below this plane or that the intervalency angle C — As — C 
within the ring has a value which necessitates a folding of the molecule 
about the 0 — As axis. In the latter case, a planar distribution of the 
valencies of the arsenic atom, though unlikely, is not excluded. These 
investigators have prepared and studied 5, 10-di-p-tolyl-5, 1 O-dihydroar- 
santhrene (Fig. 134), which has resulted in more decisive evidence for 


C 6 H 4 CII ; 



c 6 h 4 ch 3 

Fig. 134 


the non-planar valency disposition of the 3-covalent arsenic atom in its 
organic compounds. Assuming that the valencies of each arsenic atom 
are to be mutually inclined at an angle of about 100°, the molecule can- 
not be planar. The folding can apparently lead to the production of 
three isomeric forms shown in Figs. 135, 13(5, and 137. 



Fig. 135 Fig. 136 Fig. 137 

Upon construction of the models, it becomes evident at once that, 
owing to the small angle, the two as-tolyl groups (denoted by the letter 
T) in Fig. 136 become almost coincident in space and that this form 
cannot therefore exist. Satisfactory models of Figs. 135 and 137 can be 
readily constructed. The experimental results led to the isolation of two 
stable forms, conforming presumably to Figs. 135 and 137. The two 


Chatt and Mann, i bid., 1184 (1940). 
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isomers by the action of bromine gave the same tetra bromide, 5,10- 
ditolyl-5,10-dihydroarsanthrene 5,5,10,10-tetrabromide (Fig. 138) which 
in turn was hydrolyzed to a single tetrahydroxide. 



Fig. 138 


Boron, Beryllium, Copper, and Zinc. These four elements, consti- 
tuting the other known elements of the tetrahedral group, are discussed 
together because the tetrahedral character of each has been demonstrated 
by the formation of spiranes. These spiranes have the tetrahedral 
element as the spiro-atom, and the two rings are formed as the result of 
chelation. 

Boric acid reacts with two molecules of salicylic acid to produce 
the complex shown by Fig. 140. 

Oi™.. .. ;OTI lijO-Tf^ 

i^jl—coo in ;; ho: : - B hooc-I^J 


1 



Fig. 140 


Boron compounds normally have six electrons in the valence shell of 
the boron atom (Fig. 139), but, by sharing an additional pair from the 
oxygen of the carboxyl group (Fig. 139) left after ionization of the hydro- 
gen atom, it is able to form the more stable octet and thus becomes a 
spiro-atom in the chelate (p. 1868) compound (Fig. 140). Bdesekeu 74 
fractionally crystallized the strychnine salts of this complex compound 
and obtained a dextrorotatory fraction with [<x]d = +22.6°. The other 

74 Boeseken and Meulenhoff, Prttc. Acad. Sci. Amsterdam, 27, 174 (1924) ; Rosenheim 
and Vermehrcn, Bcr., 57. 1337 (1924). 
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fraction was levorotatory. The optical activity of this boron complex not 
only establishes the chelate structure, but also shows that the distribu- 
tion of the valence forces about the boron must be tetrahedral. It should 
be noted that the model of this complex, using a planar boron atom, 
would possess a plane of symmetry and hence be non-resolvable. Either 
a planar or pyramidal structure would predict geometrical isomers which 
have not been found. 

Beryllium is normally bivalent, containing four electrons in the 
valence shell of most of its compounds. However, the reaction of 
beryllium carbonate with the brucine salt of the enolic form of benzoyl- 
pyruvic acid produces the complex shown in Fig. 141, in which the 


C fi II s 

I 

C-OH 

II 

20— H 

I 

CO 


c 6 h, 

I 

C\ 


c 6 H 5 


• BcCOs 


H C 


M) . . 0 / \ 
: Be ; x - 


.0; :o. 
c'-’ v c 


C— H + C0 2 + 1I 2 0 


COaBrucine 


COzBrucinc COaBrucine 
Fig. 141 


beryllium has shared an additional four electrons in order to complete 
its octet and form the chelate compound with the beryllium atom as the 
spiro-atom of the spirane. 

Mills and Gotts 75 fractionally crystallized these brucine salts and 
obtained two diastereoisomeric salts which showed mutarotation in 
chloroform to the same value. 


1. Fraction [a] 6461 - +25.0° 

2. Fraction [a] 5461 - — 11 . 8 ° 

Decomposition of the salts by dimcthylaminc gave values of +1.1° and 
-0.6° for the two forms of the beryllium complex. The two forms 
racemizcd very quickly. Copper and zinc formed chelate compounds 
°f the same type as shown for beryllium when copper acetate or zinc 
carbonate was substituted for beryllium carbonate in the initial reac- 
tion. Fractionation of their brucine salts also produced mutarotating 
diastereoisomeric forms. 

Palladium. Reihlen and Hiihn 76 crystallized the d-bromocamphor- 
sulfonate of the complex palladium ion shown in Fig. 142 and obtained 

75 Mills and Gotta, J. CMm. Sac., 3121 (1920). 

76 Reihlcn and Hiihn, Ann., 489, 42 (1931). 


-> [a] = +5.0° 
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two diastereoisomerie salts. One salt had a molecular rotation of +582° 
with Md for the dextro palladium complex ion of +36°. The other salt 

f H 2 H 2 

(CH 3 ) 2 C — N . . N — C(CH 3 ) 2 
I : Pd : l 
H 2 C — N • • N — CH 2 

h 2 h 2 

Fig. 142 

had Md of -{-506°, which indicates a molecular rotation of —40° for 
the levo palladium complex ion. 

Platinum. Reihlen and Hiihn 76 also obtained evidence indicating 
asymmetry of the platinum complexes shown in Fig. 143 and Fig. 144 
by crystallization of their d-bromoeamphorsulfonatcs. 


++ 

2[Ci 0 IIi 2 OBrSO 3 ]- 


H H 

(CH 3 ) 2 C N\ . N— C(CH 3 ) 

! '.Ft] I 

II,C N ’ ‘ N — CH a 

H 2 H s 

Fig. 143 



Elements with an Octahedral Distribution of Valencies 

The classical investigations of Werner, Pfeiffer, Jaeger, and others 
on the structure of various coordination complex salts have established 
the fact that certain of these may exhibit optical isomerism, and that the 
probable distribution of the valencies of all types is octahedral about 
the central atom. These compounds and their isomerism have been 
thoroughly treated in inorganic textbooks and books on stereochemistry; 
hence only the fundamental ideas concerned will be discussed in this 
section. It is important to note that the same principles already cited 
in respect to carbon again apply here. For optical isomerism the pre- 
requisite is an asymmetric molecule. 

The general structural types which have been resolved into optical 
enantiomorphs are as follows: 

I. Type MA 3 . (M = metal, A = a bivalent coordinating group ) 

The central atom has its six valencies distributed and used by the 
groups A in such a manner that non-superimposable mirror images 



*ou 


result (Figs. 1 and 2). It is customary to represent the spatial formulas 
by the figures shown rather than by means of an octahedron, but by join- 
ing the six points about the central atom, an octahedron results (Fig. 3). 



Fig. 1 Fig. 2 Fig. 3 

Specific examples of compounds of this type are shown in Table I. 
II. Type MA 2 O 2 and MA 2 B. (A and B = different bivalent co- 
ordinating groups; a = monovalent coordinating groups.) 



Fig. 4 Fig. 5 


The mirror-image relationships of this type are shown in Figs. 4 and 
5, and Figs. 6 and 7. 



Fig. 6 


Fig. 7 
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TABLE I 


Optically Active Complex Ions of the Type MAj 
Anions 



Neutral Compound 

■ /II 2 N— CH A 1+ j — 0— C=Ov 

Zn UUN-CH J J Co [ II,N— in I 

v u I . 



Specific examples of compounds of the second type are shown in 
Tables II and III. 

TABLE II 

Optically Active Complex Ionb op the Type MAjCtj 


Anions 



TABLE III 

Optically Active Complex Ions of the Type MAjB 
Cations 



K H 2 N—CHA / yO— 0=0X1 + 
H,N— All J A x 0-C=0 ) . 


III. Type MA 2 a b. (A = bivalent coordinating group; a and 6= 
different monovalent coordinating groups.) 

Many compounds corresponding to Figs. 8 and 9 which represent the 
mirror-image relationships are known for complexes of cobalt. The 
cation has the general formula 


Co 


/H 2 N— CEtf 

1 

\h 2 n— ch* 


XY 
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where X and Y are various combinations of Cl, Br, N0 2 , NCS, H 2 0, 
NH3, NH 2 OH. An anion of this type is: 




The compounds corresponding to the Figs. 10 and 11 which have 
been resolved are: 


/H 2 N— CHA 

Co | (XlhhCh 

\h 2 n— ch 2 / 


o—c— 0\ 

CoK I (NH,)i(NOj)i 
0 — C=0/ 


Elements with a Planar Distribution of Valencies 

The chief compounds in which there is experimental evidence for a 
planar arrangement of groups are the 4-covalont compounds of bivalent 
palladium, platinum, and nickel. These same elements also possess an 
octahedral configuration in their (j-covalent compounds. Comparison 



WX 1 IVAU IXIULILVL* 




of the octahedral model, Fig. 1, with the planar arrangement of Fig. 2 
in which the metal (M) occupies the center of a square with the four 
groups at the corners shows that this may be regarded as a special case of 
elements with octahedral configuration in which the two b groups are 
missing. It is well known that compounds with 4-covalent groups at- 


b 



taehed to the metal may be converted to compounds with 6-covalent 
groups. 

Werner, as early as 1893, proposed a planar configuration for 4- 
covalent compounds of platinum and palladium which predicted cis 
and trans isomerides of the types shown in Figs. 3 and 4. Definite proof 


L A 

\ / 

JTL A 

\ / 

M 

M 

/ \ 

/ V 

L X 

X A 

Fig. 3 

Fig. 4 


of the planar configuration and existence of such isomers has been diffi- 
cult to obtain owing to the difficulties involved in determining the exact 
molecular structure and molecular weight. For example, a pink and a 
yellow form of (NH^PdCh were known for a long time and the isomer- 
ism was explained on a cis-tram basis. However, it was proved later that 
the yellow form is monomoleeular, whereas the pink modification is 
bimolecular 77 and has the structure [Pd (Nils).*] [PdClJ. Numerous 
other examples of supposed cis-tram isomers have been reported, some of 
which appear to be authentic. 

In 1922, it was noted 78 that K 2 [PdCU], (NII 4 ) 2 [PdCLJ, and 

" Brew, Pinkard, Preston, and Ward law, J . Chetn. Soc., 1895 (1932). 

78 Dickinson, J. Am. C ’hem. Soc.. 44, 2404 (1922); Lowry, J. Soc. Chem. Ind,, 42, 316 

( 1923 ). 
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KatPtCL*] formed tetragonal crystals, and x-ray analysis indicated that 
the metal was at the center of a square with the four chlorine atoms at 
the corners. From considerations of wave mechanics, Pauling 79 in 1931 
deduced a probable planar distribution of the groups in 4-covalent com- 
pounds of platinum, palladium, and nickel. The electronic formation 
of such planar compounds should result in a definite decrease of the 
paramagnetic moment, and for nickel this should become zero. 

Nickel. Confirmation of this prediction was obtained by Sug- 
den, 80 who isolated two cis-trans isomers of nickel ius-benzylmethyl- 
glyoximc to which the planar structures shown in Figs. 5 and 6 were 


C 6 H 5 CH 2 — C C— CH S 


C«H 4 CHr-C- 


-C— CHj 


O-N N — OH 

\ / 

Ni 

/ \ 

O-N X — OH 


0<— N N— OH 

\ / 

Ni 

/ \ 

HO— N N— >0 


CsHsCIIj — C C— CH, 

Fig. 5 


ch 3 — c- 


Fig. 6 


-c— ch*c,h 6 


assigned. These two forms were found to be diamagnetic, whereas a 
tetrahedral configuration about the 4-covalent nickel (a spiro-atom) 
should lead to paramagnetic optical enantiomorphs. 

Palladium. Dwyer and Mellor 81 also obtained two forms of palla- 
dium k's-benzylmethylglyoxime, analogous to the above nickel isom- 
er ides, and found that they were non-resolvable. Pinkard, Sharratt, 
and Wardlaw 82 prepared the two isomerides shown in Figs. 7 and 8 
and showed that they were monomeric. 


CH 2 — NH 2 NH 2 — CH 2 CHjf— NH 2 0 CO 


\ / 


I \ / 

Pd 


' Pd 

/ \ 


/ \ 


00 0 0 CO CO 0 NH 2 — CII 2 

Fig. 7 Fig. 8 


Grinberg and Schulman 83 reported the isolation of two isomerides 


of each of the compounds (NH3)2PdCl2 and 



2 PdCl 2 . 


79 Pauling, J. Am. Chem. Soc., 53, 1367 (1931). 

99 Sugden, J. Chem. Soc., 246 (1932). 

81 Dwyer and Mellor, J. Am. Chem. Soc., 56, 1551 (1934). 

82 Pinkard, Sharratt, and Wardlaw, J. Chem . Soc., 1012 (1934). 

82 Grinberg and Schulman, Compt. rend, a cad, sci., U.R.S.S . , 1, 218 (1933). 
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Lidstone and Mills 84 have resolved the complex palladous salt shown 
in Fig. 9 by means of d- and Z-diacetyltartarie acids. This molecule 


H 2 h 2 

C 6 H*— CH— N N— ch 2 

\ / 

Pd 

/ \ 

C e H & — CH — N N — C(CH 3 ) 2 

II 2 H 2 

Fig. 9 


21 “ 


would possess a plane of symmetry if the palladium atom had a tetra- 
hedral arrangement of the coordinated groups but is asymmetric if the 
four valencies attached to the palladium atom are planar. It was shown 
that the stilbene diamine portion retained its meso configuration in the 
complex salt and hence the resolution is due to the molecular dissym- 
metry of the complex. 

Platinum. Numerous examples of cis~trans isomers of 4- covalent 
platinum compounds have been described. Hantzsch 85 obtained two 
forms of the compound shown in Fig. 10, and Schenck and Hengler 88 
obtained the quinoline analogs, Fig. 11. The two isomeric compounds 



Fig. 10 Fig. U 


of Figs. 12 and 13 were found to differ chemically and also in their x-ray 

diffraction patterns. 87 Two 

isomeric forms of the platino-glycine eom- 

(CH 3 ) 2 S Cl 

(CH 5 ) 2 S Cl 

\ / 

\ / 

Pt 

pt 

/ \ 

/ \ 

(CH 3 )*S Cl 

Cl S(CH,) s 

Fig. 12 

Fib. 13 


84 Lidstone and Mills, J. Chem. Soc., 1754 (1939). 

86 Hantzsch, Ber. t 59, 2761 (1926). 

86 Schenck and Hengler, Arch. Eisenhfdtenw., 5, 209 (1931-1932). 

87 Angell, Drew, and Wardlaw, J. Chern. Soc., 349 (1930) ; Cox, Sacnger, and Wardlaw, 
ih < 182 (1934). 
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plcx, Fig. 14, analogous to the palladium complex have been ob- 
tained. 88 


CH 2 — NH* NH 2 — CH a 

I \ / 

Pt 

I / \ 

CO 0 0 CO 


Fig. 14 



A red and a black form of the Ira-pyridino complex, Fig. 15, have 
been obtained by Morgan and Burstall. 89 This complex is very inter- 
esting because the construction of the model of this molecule shows 
that the three pyridine rings are in the same plane. It may also be noted 
from the model that chelation can occur without undue strain only if 
the double bonds in at least two of the pyridine rings occupy fixed posi- 
tions (i.e., do not oscillate or resonate between the two Ivekule struc- 
tures). If either of the two forms obtained is monomolecular, it indi- 
cates a planar distribution of the valence forces about the platinum 
atom. 

An unique proof of a planar distribution of the valencies about 4- 
co valent platinum has been obtained recently by Mills and Quibell, 90 
who prepared mcso-stilbcnediamino-isobutylencdiamino platinous sails 
with the structure shown in Fig. 16. 

CHa—NHa NHr-CHC«H 6 1 

\ / I 

Pt 

/ \ I 

.(CH 3 ) 2 C NH 2 NHr-CHCfHij 

Fig. 16 

88 Grinberg and Ptitzuiu, J. prakl. Chem., 136, 143 (1933); Pinkard, Sharratt, and 
Wardlaw, J. Chem. Soc., 1012 (1934). 

83 Morgan and Burs tall, ibid., 1498 (1934), 

90 Mills and Quibell, ibid., 839 (1935). 
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Examination of the model of this compound using a planar platinum 
atom reveals the fact that such a model does not possess a plane of sym- 
metry (Fig. 17), and hence should be resolvable. 


/■ 
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CH. 


TV 

H \ / H 

Pt 

s/\; 


.C 6 H c 




,C 6 H. 


CH 3 


H 


Cl 2 


Fio. 17 


If, however, the platinum atom is tetrahedral (similar to the spiranes) 
then the molecule possesses a plane of symmetry, and the molecule 
should be non-resol vablc. Examination of Fig. 18 shows that the plane 
PPPP divides the molecule into halves which are mirror images. 



Experimentally it was established that the molecule was resolvable 
into d- and t-forms, W 5461 = ±48.5°. Cryoscopic examination of the 
salt showed that it resembled barium chloride in its behavior, and thus 
indicates the existence of only three ions. Decomposition by alkalies 
gave the optically inactive diamines and thus demonstrated that no inver- 
sion and resolution of the meso-diaminostilbene portion took place. The 
results constitute most unusual evidence in favor of a planar configura- 
tion for 4-covalent platinum. It is true that an irregular tetrahedral 
arrangement or pyramidal arrangement would also predict resolution of 
the molecule, but there is no evidence for such assumptions. 
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PART XI. cis-trcns ISOMERISM (GEOMETRIC ISOMERISM) 

C. S. Marvel 
Introduction 

A second type of stereoisomerism has been observed in organic mole- 
cules that contain two unsymmetrically substituted atoms attached to 
each other by a double union, in certain cyclic structures, and in a few 
terphenyl derivatives where ortho substitution introduces steric hin- 
drance at the points of union between the phenyl groups. This type of 
isomerism is usually explained on the basis of restricted rotation in the 
molecule in question, and all the observed cases can be correlated by 
means of this theory. 

In an open-chain molecule, free rotation about a single covalent 
bond is assumed to be possible. The number of isomers of such com- 
pounds is generally in agreement with this hypothesis. However, if 
there are two points of attachment between adjacent atoms, as when a 
double covalent bond is present in a molecule, free rotation is apparently 
no longer possible. With proper substitution around the atoms which arc 
doubly bound to each other, isomerism due to different geometric ar- 
rangements of the groups in space becomes possible. This type of isomer- 
ism is called cis-irans or geometrical isomerism. 

cis-trans Isomerism in cyclic molecules can be attributed to restricted 
rotation due to the ring structure. The size of the ring and the nature 
of the substituents have an important effect on the freedom of rotation 
around the single bonds in the ring, and a complete discussion of these 
factors will be reserved until later. Recently cis-tram isomerism has 
been observed in certain p-tcrphenyl derivatives which arc substituted 
in the positions ortho to the unions between the phenyl groups. In those 
compounds the theory of restricted rotation around the bonds between 
the phenyl groups serves to correlate these examples of ois-trans isomer- 
ism with the classes previously mentioned. 

The various types of cis-trans isomers may for convenience be classi- 
fied as follows: 

1. Compounds containing double bonds. 

(а) Carbon to carbon; olefins. 

(б) Carbon to nitrogen; oximes, hydrazones, osazoncs, semi-carbazones, 
etc. 

(c) Nitrogen to nitrogen; diazo compounds, azo compounds, azoxy 
compounds, etc. 



cis-trans 




2. Cyclic compounds. 

(a) Carbocyclic. 

(b) Heterocyclic. 

(c) Condensed ring systems. 

3. Sterieally hindered single bond compounds of the terphenyl type. 

This system of classification is used in the following discussion. 

Compounds Containing Double Bonds 

Since carbon and nitrogen atoms are known to have a tetrahedral 
structure, a double bond involving these atoms may be pictured (Fig. 1) 
by two tetrahedrons sharing one edge in common. Thus, the double 
bond should be a fairly rigid structure around which no rotation can 
occur. The single bond may be best illustrated by a diagram (Fig. 2) 
showing two tetrahedrons having one apex in common. Free rotation 
around this common point would be expected. 

In a molecule of the type first shown (Fig. 1), if each atom is attached 
to two different groups, a and b , two space formulas for the molecules can 
be constructed (Figs. 3 and 4). In one of these formulas it may be seen 



Fig. 1 Fig. 2 Fig. 3 Fro. 4 


that the two a groups are closer together than they are in the other (Fig. 
4). If a plane is passed tlirough that edge of the tetrahedrons which is 
shared between them and continued in each direction so as to bisect the 
lines joining the a and b groups, the like groups arc either on the same 
side of this plane, that is, in the as positions (Fig. 3), or they fall on 
opposite sides of this plane and are in the trans positions (Fig. 4), The 
four groups (a abb) fall in one plane; hence the mirror image of each 
form is identical with the object, and no optical isomers can exist in this 
series. 

It can also be seen that each of the atoms joined by the double union 
must be unsymmetrically substituted. When one of the atoms carries 
two a groups, and is thus symmetrical (Figs. 5 and 6), the two molecules 
are superimposablc, and hence do not represent isomers. Only one pair 
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of isomers is still possible where all attached groups are different (Figs. 
7 and S). 



Fra. 5 Fig. 6 Fig. 7 Fig. 8 


Carbon-Carbon Double Bonds 

For convenience, instead of using tetrahedrons, the structural rela- 
tionship of the isomers is usually represented by the condensed formulas 
shown in Figs. 1-4, below, but the fundamental space structures must 
always be kept in mind. 


a — C — b 

a— C— 6 

a — C — b 

a— C— 6 

II 

1! 

II 

II 

a-C-b 

b — C — a 

c—C~d 

d — C — c 

cis 

tram 



Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 


In compounds of the type shown by Figs. 1 and 2, the one with two 
similar groups on the same side of the double bond is called the cis 
isomer (Fig. 1), and the other (Fig. 2) the trans isomer. For the com- 
pounds shown in Figs. 3 and 4, where all the groups are different, it is 
necessary to specify which groups are cis or trans, respectively. In the 
event that the configuration has not been established, the forms are 
usually denoted by the Greek letters a and ft. 

In the alkene series the isomeric 2-butenes have been separated by 
high-precision fractionation of the product resulting from dehydration 
of scc.-butyl alcohol by sulfuric acid. 1 

Heat op Hydrogenation 



B.P. 2 

M.F. 

cal. /mole 

cw-2-Butene 

3.53° 

-139.3° 

-28,570 

(rans-2-Butcne 

0.96 

-105.8 

—27,621 


The two groups attached to each of the doubly bound carbon atoms 
may be parts of an unsynunetrical ring. Moir 3 isolated cis~trans isomers 
of this type in the diphenoquinone series. 

1 Kistiakowsky, Ruhoff, Smith, and Vaughan, J. Am, Cfttm. Soc., 57, 876 (1935). 

* Lamb and Roper, {bid., 62, 811 (1940). 

1 Moir, S. African J, Sci,, 8, 253 (1911). 
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Determination of Configuration. There is no absolute method for 
the determination of the configuration of cis-trans isomers of the olefinic 
type which can be experimentally applied to all cases. Many cis 
isomers can be directly related to cyclic compounds by either ring closure 
or ring opening, and this is at present the best available means of defi- 
nitely establishing configuration. All other methods depend on a study of 
the physical properties of the isomers, and these methods require that 
many pairs of compounds of known configuration be studied as examples 
for comparison. 

Relationship to Cyclic Compounds . The formation of a cyclic mole- 
cule from an open-chain molecule takes place easily only when the re- 
acting groups are close to each other. This fact has been most useful 
in assigning structures to cis-trans isomers in which the two doubly bound 
carbons carry groups which arc capable of reacting with each other. 

The classical example of establishing the configuration of olefins on 
this basis is that of maleic and fumaric acids. Maleic acid (Fig. 5) 
readily forms a cyclic anhydride (Fig. 6), whereas fumaric acid (Fig. 7) 

H— C— C0 2 H H— C— CO h—c— co 2 h 



II— C— C0 2 H H— C— CO H0 2 C— C — H 

Fig. 5 Fig. 6 Fig. 7 


does not give an anhydride under mild conditions, and at high temper- 
atures it undergoes a rearrangement to produce the anhydride of maleic 
acid. Maleic acid is, therefore, the cis isomer. 4 
4 van’t Hoff, Brief on Bujs-Baliot, Utrecht (November, 1875). 
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Likewise, in the case of the o-hydroxycinnamic acids, one is converted 
spontaneously into coumarin (Fig. 9), and is, therefore, the cis form 
(Fig. 8), whereas the other does not form a lactone readily, and conse- 
quently is assigned the trans configuration (Fig. 10). 5 



Fig. 8 Fig. 9 Fig. 10 


This conversion to a cyclic compound must occur under very care- 
fully regulated conditions if it is to be considered a safe procedure for 
structural proof. Many reagents cause one isomer to change into the 
other, and with such reagents, compounds of the trans type may also 
yield cyclic compounds. 

It is often possible to prepare the cis isomer from a cyclic compound 
by the opening of the ring. Thus, the oxidation of p-benzoquinone 
(Fig. 11) or of benzene (Fig. 13) leads to maleic acid (Fig. 12), and not 
fumarie acid. 6 


0 

H--C— C0 2 H 



Fig. 11 Fig. 12 Fig. 13 


If the configurations of a pair of cis-trans isomers have been thus es- 
tablished, it is often possible to convert other isomers of unknown con- 
figuration into those with known structures. For example, trichloro- 
crotonic acid (Fig. 15) is converted by hydrolysis into fumarie acid 
(Fig. 14) and by reduction into the solid crotonic acid (Fig. 16) (m. p. 

H— C— CO|H H — 0 — CCIj II— C— CH* 

II II II 

II0 2 C — C — H II0 2 C — C — H IIO 2 C— C— II 

Fig. 14 Fig. 15 Fig. 16 

®Fittigand Ebert, Ann., 226, 347 (1884;; Wielicenus “Raumliche Anordnung,” P- 
49; eee Miller and Kinkelin, Btr ., 22, 1705 (1889;. 

6 Kekul6, Ann., 223, 170 (1884). 
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72°). 7 Since fumaric acid is known to have a tram configuration, these 
relationships prove that the trichlorocrotonic acid and the solid crotonic 
acid must be tram isomers. Hence, the liquid form of crotonic acid 
(m. p. 15°) must be the cis isomer. 

The configurations of the cinnamic acids have, likewise, been estab- 
lished by the following transformations: 


/ H 

ryV 

^A n / c=0 

H 

Fia. 17 



One of the o-aminocinnamic acids readily forms carbostyril (Fig. 17), 
and hence possesses the cis configuration (Fig. 18). Diazotization and 
removal of the amino group from this o-aminocinnamic acid leads to cis- 
elnnamic acid (Fig. 19). 8 

The establishment of a relationship between a cyclic compound and a 
cis isomer, and the transformation of one of a pair of cis-trans isomers into 
another compound of known configuration, arc the only chemical 
methods of establishing the configuration of isomers in this series. In 
using these methods for structural, work, it is essential to keep in mind 
that many reagents convert a cis to a tram isomer or the reverse (see 
section on in tercon version of isomers, p. 453), and hence false relation- 
ships may be deduced from superficial experimental work. 

Determination of Structure by Study of Physical Properties. A study 
of various cis-trans isomers whose configurations have been established 
by relating them to cyclic products has shown that there is a surprising 
regularity in the differences in physical properties between the cis 
forms and the trails forms. The cis form usually has the lower melting 
point, the greater solubility in inert solvents, the higher heat of combus- 
tion, and, of acids, the higher ionization constant. In Table I arc listed 
the physical properties of a series of isomeric acids showing some of these 
differences. 

Werner pointed out that there is a significant resemblance between 
the structural formulas of cis and Irons isomers in the olefin series, and 
ortho and para isomers in the benzene series. 9 The unsyminetrical cis 

7 von Auwera and Wissebach, Ber., 56, 715 (1923). 

8 Stoermer and Heymann, Ber., 45, 3099 (1912). 

9 Werner, “Lehrbuch der Stereoehemie,” Fischer, Jena (1904), p. 212. 
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TABLE I 

Some Physical Properties of cis-trans Isomers 


1 

Acid 

M.P.,°C. 

Solubility in j 
Water at 25°, 1 
grams per 
100 cc. H a O 

K a w 

Heat of 
Combustion, 11 
kcal./mole 

Maleic 

130.0 

78.8 

117 X 10" 2 

326.0 

Fumaric 

286. 

0.7 

9.3 X 10" 2 

320. 

ns-Crotonic 

15.5 

40 0 

3 6 X 10 5 

486. 

frans-Crotonic 

72. 

8.3 

2 X 10 -5 

478. 

ct'-s-Cinnamic 

68. 

14.43 

13.8 X 10~ 5 

1047. 

fra ns -Cinnamic 

133. 

0.1 

3.5 X 10“ 5 

1040. 

Citraconic 

1 91. 


34 X 10~ 2 

479.1 

Mesaconic 

202. 


7.9 X 10~ 2 

466.4 

Angelic 

45. 


4.9 X 10“ 6 

G34.8 

Tiglic 

64. 


9.4 X 10" 6 

627.4 


and ortho isomers are nearly always lower melting than the corre- 
sponding trans and para isomers. This may be illustrated by comparing 
m-crotonic acid (Fig. 20), or/Ao-toluic acid (Fig. 21), frans-crotonic 
acid (Fig. 22), and para-toluie acid (Fig. 23). Maleic and fumaric acids 
show similar relationships to ortho- and paro-phthalic acids. 

h-c_co 2 h h -|^N-co 2 ii h-c-C0 2 h h-|^|-C0 2 H 
H— C— CHj CH» CHj — C — H CH 3 k^J— H 

JI.p. 15.5° M.p. 104° M.p. 72® M.p. 180° 

Fig. 20 Fig. 21 Fig. 22 Fig. 23 

The dissociation constants of the acids in the cis and ortho series are 
likewise higher than those in the trans and para series. 12 

This comparison of the physical properties of olefins and aromatic 
derivatives has furnished a method for the determination of configura- 
tion where all four groups on the carbon atoms joined by the double 
bond are different. For example, von Auwers compared the chloro- 
crotonic esters (Figs. 24 and 25) with the chlorotoluic esters (Figs. 26 

10 Ostwald, Z. pkysik. Chem 3, 242, 278, 380 (1889); Ber ., 24, 1106 (1891); Bader, 
Z. physik. Chem., 6, 315 (1890) ; Walden, ibid., 8, 495 (1891) ; Kortright, Am. Chem . J *, 

370 (1896). 

11 Stohmann, Z. physik. Chem., 10, 416 (1892) ; Longuinine, Ann. chim., [6] 23, 189 
(1891) ; Roth, Ber., 46, 260, 317 (1913). 

12 Langseth, Z. phyaik. Chem., 118, 49 (1925). 
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and 27) and assigned configurations 
basis. 13 

Cl— C— C0 2 C 2 H 6 

ii 

H — C — CHs 

B.p. 58°/12 mm. 

Fig. 24 

Cl— CO jCjHs 

H-k^JL-CH, 

B.p. 122°/1 0 mm. 

Fig. 26 


the olefinic compounds on this 
Cl— C— CO»C a Hi 
CHr— C — H 

B.p. 6I°/10 mm. 

Fig. 25 

Cl— co 2 c 2 h 6 

B.p. 129.5°/9 mm. 

Fig. 27 


The assignment of configuration by means of this method of compari- 
son of the physical properties of the isomers with those of the correspond- 
ing benzene derivatives must always be tentative because it is known 
that the relationship between the physical properties in the two series is 
not absolutely general, 14 

Dipole Moments (p. 1752). Recent work on dipole moments has 
introduced a new physical constant which is useful in assigning definite 
configuration to relatively simple olefins. 15 From a consideration of 
the structural formula, the unsymmetrical cis form would be expected 
to have a considerable moment, whereas the more symmetrical trans 
form should have a lower moment. In the halogenated olefins listed 
in Table II, it may be seen that the dipole-moment measurements give 
results which are in agreement with the configurations which have been 
assigned on the basis of the melting points of the isomers. 

TABLE II 


Physical Properties of Dihalogenated Ethylenes 15 



M. P. 

M X 10 18 


°C. 

e.s.u. 

m-Dichloroethylene 

—80.5 

1.89 

iraws-Dichloroethylene 

-50. 

0. 

cis-Dibroinoethylene 

-53. 

1.22 

/rarwr-Dibromoethylenc 

- 6.5 

0. 

cis - Diiod oethy len e 

-13.8 

0.76 

/rans-Diiodoethylene 

72. 

0. 


This method is limited to quite simple molecules of the type 

13 von Auwers and Harres, ibid., 143, 1 (1929). 
u von Auwers and Hanes, ibid., 143, 9 (1929). 

15 Errera, Compt. rend., 182, 1623 (1926); Acad. toy. Bdg., 150 (1925); /. Phys., 6, 
390 (1925) ; Physik. Z., 27, 764 (1926). 
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Ca6=Ca6. Where the groups a and b are complex, the dipole moment 
of the group may largely overshadow the effect due to the as or trans 
configuration of the molecule. However, in the case of diethyl maleate 
(ju = 2.54 X 10“ 18 c.s.u.) and diethyl fumarate (ft — 2.38 X 10~ 1K 
e.s.u.) the ds form has the greater dipole moment. 16 For olefins of 
the type Cab=Cde or Cab=Cad, the dipole moments arc not so 
useful in the assignment, of configuration. 

X-Ray Measurements (p. 1762). Debye has examined the x-ray 
diffraction patterns of the two dichloroethylenes. 17 In the lower- 
melting isomer, which has been generally assigned the cis configuration, 
the distance between the chlorine atoms is 3.6 A. In the higher-melting 
tram isomer this distance is 4.1 k. Thus, x-ray measurements also con- 
firm the configurations which were assigned on the basis of the other 
physical properties. 

Other Physical Constants (p. 1720). The density, 18 molecular refrac- 
tion, 19 molecular dispersion, 19 absorption spectra, 20 Raman spectra, 21 
parachor, 22 and other constants for cis-trans isomers have been studied, 
and sometimes they aid in assigning definite configurations to the 
isomers. However, these measurements arc less useful than the ones 
which have been discussed above. 

Kinetic Studies. Recently studies on the rates of reactions involving 
as and trans isomers have been used to establish configuration . Wright 23 
found that as-methyl cinnamatc was mercurated about three times as 
fast as the trans form, and that ds-stilbenc was mercurated readily while 
the trans isomer was not. Using these facts for comparison, Thomas and 
Wetmore 24 mercurated the isomeric 2-butenes and on the basis of reac- 
tion rates assigned the trans configuration to the isomer which melts at 
-108.8°. 

16 Smyth and Walls, J . Am. Chem. Soc 53, 527 (1031). 

17 Debye, Physik. Z., 31, 142 (1030). 

18 von Auwers and Harres, Z. physik. Chem., 143, 1 (1929); Wassermann, Her., 63, 
559 (1930), 

19 von Auwers and co-workers, Ber., 54, 624 (1921) ; 56, 724 (1923) ; 57, 437, 446 (1924) ; 
Ann., 432, 46, 94 (1923); Chavanne, Rev. gen. sci., 35, 333 (1924); Bruylants, Bull. soc. 
chim. Bdg 39, 572 (1930). 

20 Errera and Henri, Compt. rend., 181, 548 (1925) ; Errera, J. Phys. Radium, (VI) 7 
215 (1926); Bruylants and Castille, Acad. roy. Bdg., 8, 130 (1925); 13, 707 (1927); 
Bruylants, Bull, soc . chim. Belg., 39, 572 (1930); Ramart-Lueus and Hindi, Compt. rend., 
189, 696 (1929) ; Ann. chim., [ 10 } 13, 385 (1930) ; Stobbe, Ber., 43, 504 (1910) ; Baly and 
Tuck, J. Chem. Soc,, 93, 1902 (1908) ; Baly and Schaefer, ibid., 93, 1812 (1908). 

81 Piaux, Ann. chim., [ill 4, 1C7 (1935). 

22 Semeria and Ribotti-Lissone, (Jazz. chim. ital., 60, 862 (1930); Sugden and Whit- 
taker, J. Chem. Soc., 127, 1868 (1925). 

23 Wright, J. Am. Chem. Soc., 57, 1993 (1935). 

24 Thomas and Wetmore, ibid., 63, 136 (1941). 
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meso-Dibromobutane and meso-dibromosuccinic acid react with 
iodide ion faster than the corresponding df-isomers . 25 
The reaction involved is 

RCHBrCHBrR + 31' -> RCH=CHR + 1 3 “ + 2Br“ 

Young 26 studied the rates of reaction of a large number of isomeric ethyl- 
ene dibromides with potassium iodide and found that the meso-dibro- 
mides (from the trans compounds) reacted more rapidly than the corre- 
sponding df-dibromides (from the cis compounds). Rate studies of this 
type may be used as a means of identifying cis-trans isomers. 

Interconversion of cis-trans Isomers. Usually, one of the isomers 
of a cis4rans pair is a labile form and can be readily changed into the 
more stable isomer by the action of heat or a variety of chemical agents. 
For example, heat converts maleic acid into fumaric acid ; 27 methyl 
as-tf-bromocinnamate (Mg. 28) into methyl frans-a-bromocinnainate 28 

n-U-C 6 II« neat CeHs-C-II 

II II 

Br — C — CO 2 CII 3 Br — C — CO 2 CH 3 

Fig. 28 Fig. 29 

(Fig. 29); and angelic acid (Fig. 30) into tiglic acid 29 (Fig. 31). In most 
of the isomers that have been examined, the cis form is the labile and the 
trans form the stable one. This agrees with the usual difference in energy 

II— C— CII 3 Heat CHj— C— II 

II > II 

CH;r- C— CO 2 H CH 3 — G— C0 2 H 

Fig. 30 Fig. 31 

content shown by the heat of combustion data for the isomers in this 
series. (See Table I.) 

If the stability of the two isomers is about equal, mixtures of the cis 
and trans forms are produced when either compound is treated with 
agents which cause inversion. Thus, heating the cis compound (Fig. 32) 
causes only partial conversion to the trans compound (Fig. 33), and 

CeHe— C— Br 

Br— C— COCeHa 
Fig. 33 

28 Van Duin, Rec. trav. chim., 43, 341 (1924) ; 45, 346 (1926) ; Dillon, Young, and Lucas, 
J. Am. Ckem . Soc., 62, 1953 (1930). 

26 Young, Pressman, and Coryell, J. Am. Chem. Soc., 61, 1640 (1939). 

27 Tana tar, Ann., 273, 32 (1893) ; Hiijeudahl, J. Phys. Chem., 28, 758 (1924). 

28 Anschutz, Ben, 20, 1383 (1887). 

29 Blaise, Ann. chim. phys., [8] 11 , 111 (1907). 


C«H 6 — C— Br 

II 

CfiHsCO — C — Br 
Fig. 32 
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heating the trans compound with iodine also gives a mixture of the two 
isomers. 30 

The effect of exposure to sunlight often parallels the action of heat, 
but ultra-violet light, by the addition of energy to the stable form, trans- 
forms it into the labile modification. Thus, exposure of fumaric acid to 
ultra-violet light converts it into maleic acid. 31 This general proce- 
dure is often the best method for obtaining the labile form, since the prod- 
uct of a chemical reaction is usually the stable modification. 

Small amounts of various chemical agents also promote the inter- 
conversion of isomers. It is probable that only substances which can 
add to the double linkage can effect the transformation. The halogens 
and halogen acids arc the most widely used reagents. Traces of iodine 
and sunlight are catalysts for the conversion of maleic ester into fumaric 
ester 32 and m-cinnamic acid into frans-cinnamic acid. 33 Boiling with 
aqueous solutions of any of the halogen acids converts maleic into 
fumaric acid, 34 citraconic acid into mesaconic acid, 35 and cw-a-methyl- 
glutaconic acid into frans-a-methylglutaconic acid. 36 Nitric and nitrous 
acids can also be used; the latter converts erucic acid (Fig. 34) into 
brassidic acid 37 (Fig. 35), and oleic acid (Fig. 36) into elaidic acid 38 
(Fig. 37). Phosphorus pentachloride converts maleic acid into fumaryl 
chloride, which, on hydrolysis, yields fumaric acid. 39 

H— C— (CH 2 ) 7 CH 3 

H— C— (CH 2 ) 1 1 CO 2 II 
Fig. 34 

H — C — (CH 2 ) 7 — CII 3 CH 3 (CH 2 )t— C— H 

H — C — (CII 2 ) 1 — C0 2 H H— C— (CH 2 ) 7 C0 2 H 

Fig. 36 Fig. 37 

Skraup made the interesting observation that neither sulfur dioxide 
nor hydrogen sulfide alone was able to cause the transformation of maleic 
acid into fumaric acid, but, when aqueous solutions of the two were added 

30 Dufraisse, Compt. rend., 158, 1691 (1914). 

31 Stoermer, Ber., 42, 4865 (1909); Warburg, Ber. Berl. Akad., 960 (1919). 

32 Anschutz, Ber., 12, 2282 (1879). 

33 Berthoud and Beraneck, J. chim. phya., 24, 213 (1927) ; Berthoud and Urech, ibid., 
27, 291 (1930). 

34 Skraup, Monatsh., 12, 118 (1891). 

36 Kekul6, Ann., S 'pi., 2, 94 (1863). 

35 Feist and Pommc, Ann., 370, 67 (1909). 

37 Rankoff, J. prakt. Cham 131, 293 (1931). 

38 Griin, "Analyse der Fette und Wachae," Springer, Berlin (1925), Vol. I, p- 239 , 

39 Perkin, Ber., 14, 2548 (1881). 


CH 3 (CH 2 )r 


H — C — (CH 2 ) nCO*H 
Fig. 35 
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to maleic acid, conversion to the tram isomer did occur. 40 The con- 
version appears to be due to the presence of finely divided sulfur, since 
the addition of acid to a solution of maleic acid containing sodium 
thiosulfate also causes the formation of fumaric acid. 41 

Various theories have been advanced to account for this catalytic 
effect of halogens, halogen acids, etc., in the conversion of cis to tram 
isomers. Usually the explanation has involved addition of the catalyst 
to the double bond and subsequent removal of the catalyst to regenerate 
the double bond. The most serious objection to any such theory is 
that, in general, the products of addition of these catalytic agents to an 
olefin are stable and should not be decomposed under the conditions 
which produce the transformation of one isomer to the other. 

Olson 42 has pointed out that the conversion of as-dibromoethylene 
to Jrans-dibromo ethylene by the catalytic action of bromine and heat is 
very closely related to the Walden inversion which has so often been 
observed in optically active molecules in reactions which involve groups 
attached to an asymmetric carbon atom. According to 01son J s view's, 
the conversion of as-dibromoethylene (Fig. 38) to imns-dibromoethylenc 



(Fig. 40) would alter the configuration of one of the atoms carrying the 
double bond. This change is brought about by a bromide ion colliding 
with one of the carbon atoms held by the double bond at a point on the 
face of the tetrahedron opposite the apex occupied by the bromine atom 
(Fig. 39). This particular position on the face of the tetrahedron 
opposite the apex occupied by the bromine atom is the easiest point of 
approach for the entering bromide ion because the sphere of influence of 
the carbon-bromine bond in the olefin molecule extends backward to this 
point. When the bromide ion strikes this face of the tetrahedron, the 
bromine atom originally attached to the apex opposite the point of col- 
lision can move away from its point of attachment, and the tetrahedron 
will re-form with the new bromine atom on the opposite side of the mole- 

^Skraup, Monatsh., 12, 10S (1891). 

41 Freundlich and Schikorr, Kottoidchem. Beihefie, 22, 1 (1926). 

42 Olson, J. Chcm. Pkys., 1, 418 (1933). 
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cule. Naturally, this change may go in cither direction, but the tend- 
ency will be to produce, in the end, the more stable or trans isomer. 

This theory of Olson is very attractive for the inversion discussed, 
where the catalyst is made up of particles which are like those attached 
to one carbon atom concerned in the interconversion, but it does not 
cover those where the reagent which causes inversion is entirely different 
from the groups in the olefin. A more general theory must be sought to 
account for these interconversions. 

At the present time the best general mechanism 43 which can be ad- 
vanced to account for the intcrconvcrsion of isomers is one which in- 
volves a polarization of the double bond, such as Carothers has postu- 
lated as taking place in the preliminary stage of an addition reaction 
involving a double bond. 44 

a:C: :C:a a:C:C:a 
b b b b 

Fig. 41 Fig. 42 

This unbalanced molecule (Fig. 42) is probably produced by a col- 
lision between one of the catalyst molecules (Fig. 43) and the olefin, 
resulting in a transitory double molecule (Fig. 44). Then the bombarding 
catalyst molecule drops away from the carbon atom, and the polarized 
double bond (Fig. 45) comes into existence for a short time. In this 
molecule the carbon atom which is deficient in electrons is unbalanced, 



and the vibration of the positive nucleus will be of such a nature as to 
make the atom essentially planar. When the tetrahedral nature of this 
carbon atom is lost, there is just as much chance for the double union to 
form and produce the trans isomer (Fig. 46) as there is for it to produce 
the original cis isomer. Moreover, since the trans isomer is fundamen- 

43 Berthoud and Ureeh, J. chim. phys., 27, 291 (1930). 

44 Carothers, J. Am. Chem. Soc., 46, 2226 (1924). 
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tally the more stable, the molecules which are formed with this configura- 
tion will eventually be the only ones in the reaction mixture. 

The rates of thermal isomerization of several cis-trans isomers in the 
gas phase were studied by Kistiakowsky 45 and by Jones. 46 The isomeri- 
zation was found to be homogeneous and of the first order over a range 
of 566-608° K. in the case of Zrans-dichloroethylene. The mechanism 
proposed for such reactions was activation of the carbon-carbon double 
bond to form a single bond with two free valences, free rotation, inversion 
at one carbon atom, and again formation of a double bond. 

A new and interesting example of cis-lram isomerism is furnished by 
the stilbenediols of which 2 t 2',4,4 / ,6,6'-hexamethylstiIbenediol is an 
example. 47 Catalytic hydrogenation of mesitil (Fig. 47) produced either 
the cis or tram form, depending on how long the treatment was con- 
tinued. The cis or low-melting isomer (Fig. 48) was always formed first 
and slowly isomerized to the trans isomer (Fig. 49) under the influence of 


CH 3 0 0 CH 3 


ch 3 


Ha Vy c ~ c \ /r h ^ lhC \ / C -° H 


CH 3 CH 3 

Fig. 47 


CH 3 

CH 3 


11 \ /~ C “ 0H 


CH 3 

Pt 


Fig. 48 
CH 3 



CH 3 Fig. 49 


hydrogen and platinum. The pure cis form was converted to the trans 
form merely by shaking it with platinum catalyst, which represents an 
interesting catalytic conversion of a cis to a tram isomer. 

* 6 Kistiakowsky and Nelles, ibid., 54, 2208 (1932); Kistiakowsky and Smith, ibid., 
56, 638 (1934) ; 57, 269 (1935) ; 58, 766, 2428 (1936). 

4fi Jones and Taylor, ibid., 62, 3480 (1940). 

41 Fuson, Scott, Horning, and McKeever, ibid., 62, 2091 (1940). 



458 


ORGANIC CHEMISTRY 


Lutz 48 has made a systematic study of the effect of substitution on 
the stability of the geometric forms of p-aroylacrylic acids. The forma- 
tion and reactions of lactones and lactamols in the cis acids and amides 
have also been investigated. Lutz found that a methyl group on the 3- 
carbon atom of the acrylic acid stabilized the cis form better than a 
methyl group on the 2-carbon atom and that methyl groups on both the 
2- and 3-positions made the cis form very stable. 

The compound made by esterification with methyl iodide of the 
silver salt of the acid obtained by the action of benzene on maleic an- 
hydride was identical with the compound made by the action of ben- 
zene on the monomethyl ester acid chloride of fumaric acid. Inversion 
had taken place in the case of the maleic anhydride to give the trans 
acrylic ester, Fig 50, indicating it to be the stable form. 


HC— CO 


HC— CO 


>0 ^ n ‘> 

AlClj 


C 6 H 5 CO— CH 


lie — co 2 h 


Silver salt 
(JHjI 


C 1 C 0 — CH CjH) CeHsCO— CH 

HC— CO,CH, Ala * HC — CO2CH3 

Fig. 50 


Isom erizat ions of 3-(p-bromobenzoyl)-2-methylacrylic acid (Fig. 51) 
and 3-benzoyl-2,3-dimethylacrylic acid (Fig. 52) are summarized in the 
following charts: 

CICOCH rHBr BrC«H,COCH C "i'® BrC 6 II.COCH 

II !! : > || 

CH3CCOCI Alcl ’ CHjCCOjH (oa-) CH3CCO2CH3 

FlG. 51 trans form 


Sunlight 

Ether 


HCCOC 6 H 4 Br M HCCOC 6 H 4 Br 

11 UH2IN2 11 

II > 

ch 3 cco 2 h ch 3 cco 2 ch 3 

cis form cis form 

45 Lutz and others, Hrid., 52, 3423 (1930) ; 55, 1168, 1585, 1593 (1933); 56, 445, 1373 
(1934); J. Org. Chem., 4, 95 (1939; ; 6, 77, 91, 175 (1941). 


CIICI3 

+ 

I2 


roH -1 

\CH jOH Sunlight 

\ C 2 li 6 OU 


CIICIj 

+ 

I2 
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CH3C— CO 


CH 3 C— CO 

AlClj 
C«H« 

yOU 
CH 3 C~C— CfiHs 

l > 

CH 3 C— CO 
I ch 2 n 2 


CHjC — COC 0 H 5 K0H 

CH 3 C— CO»H CH,0H 

Fig. 52 


CH 3 C-COCl 

II 

CII 3 0 2 CC— CHa 


Aids 

c 6 h 6 


CH 3 C--COC b H 6 
ch 3 o 2 cc— ch 3 

trans form 


CH„C— COC 6 H 6 

II 

CHjC— C0 2 CH, 

cis form 


Chemical Behavior of cis-irans Isomers. It has already been 
mentioned that cis isomers can often lie converted to ring compounds 
more readily than can the trans isomers. There are other reactions in 
which the isomers show distinct differences in their behavior. 

Sunlight will cause the two cinnamic acids to dimerize, giving cyclo- 
butane derivatives. frurcs-Cinnamic acid (Fig. 53) gives truxillic acids 


C 6 H & CH CHCO 2 H 

I I 

HO 2 CCH CIlCellB 


Fig. 54 

(Fig. 54), whereas aVcinnamie acid (Fig. 55) gives truxinic acids 
(Fig. 56). 45 > 

Stoermer and co-workers, Ann., 342, 1 (1905) ; Ber 42, 4865 (1909) ; 44, 639 (1911) ; 
45 3099 (1912) ; 46, 1249 (1913) ; 47 , 1786 (1914) ; 55, 1030 (1922) ; Stobhe, Ber., 58, 2415, 
2859 (1925); Shemyakin, Conipt, rend. acad. sci. U.R.S.S., 29 , 199 (1940), 
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=C 

1 
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j 

co 2 h 
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COaH 


Fig. 53 
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CsHg 

1 

C 

1 

co 2 h 

1 

=c 

1 

H 

1 

11 C 6 H 6 CH CHCeHs 


- | | 

c 6 h 5 

1 

c- 

1 

C0 2 H HOsCCH CIICOjiH 

1 

=c 

] 

1 

II 

1 

H 

Fig. 55 

Fig. 56 


Relationship of Olefins to Acetylenes. Wialicenus pointed out 
that the addition of groups to an acetylene (Fig. 57) should theoretically 
produce a cts isomer of the olefin type 50 (Fig. 58). 

H 

I 

C H- C— X 

<3> + XY -» | 

C H — C — Y 

I 

H 

Fro. 57 Fig. 58 

In actual practice this theory has been found not to be valid. Michael 
showed that addition of bromine to acetylenedicarboxylic acid (Fig. 59) 
produced mainly dibromofumarie acid 51 (Fig. 60), and halogen acids 
gave halofumarie acids (Fig. 61) rather than maleic acid derivatives. 52 

C0 2 H 

i 

C Br— C— C0 2 H 

HI *f Br 2 — > || 

C H0 2 C— C— Br 

I 

co 2 h 

Fig. 59\ hx Fig. 60 

\ 

X— C-C’0 2 H 

II 

H0 2 C — C — H 
Fig. 61 


80 Wislieenus, Abhandl. sdchs. Ges. Wise., 14 , 1 (1887) [ Chem . Zenir ., 1005 (1887)1- 
61 Michael, J, prakt. Chem., 46 , 210 (1892). 

82 Michael, ibid., 52 , 321 (1895). 
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Catalytic reduction of acetylene derivatives sometimes yields cis and 
sometimes trans olefins, depending on the catalyst and the conditions of 
reduction. These results show that addition to the triple bond must in- 
volve configurational changes during addition, or inversion of olefin 
isomers by the catalytic effect of the adding group. The conditions 
which favor inversion are encountered in the conditions which favor 
addition of a reagent to an acetylene molecule. 

It is easier to remove halogen acid from a trans olefinic derivative 
than from the cis isomer. Thus, halogen acid is removed from chloro- 
fumaric acid (Fig. 62) about forty-eight times more rapidly than it is 
from chloromaleic acid 53 (Fig. 63). 


COH 

Cl-C-CO.H ^ C 

HOjC — C — H rSSlon C 

co 2 h 

Fig. 62 Fig. 63 

In the cases studied, the elimination of groups from trans positions 
takes place more readily than elimination of the same groups from 
the cis positions. 

Relationship of cis-trans Isomers to Saturated Derivatives. The 

addition of hydroxyl groups to the double bonds in maleic and fumaric 
acids leads to the formation of tartaric acid derivatives. It is of interest 
that careful oxidation of maleic acid (Fig. 64) yields mcso-tartaric acid 54 
(Fig. 65), 

co 2 h 

II— C— C0 2 II n{1 H— C— OH 

II I 

H— C— C0 2 H KMn ° 4 II— C— OH 

C0 2 H 

Fig. 64 Fig. 65 

while under the same conditions fumaric acid (Fig. 66) yields cM- tartaric 
acid 55 (Fig. 67). 

In this oxidation it is obvious that the hydroxyl groups enter the 

83 Michael, ibid., 52 , 308 (1895). 

54 KekulG and Anschutz, Ber., 14 . 713 (1881). 

“ Ke kuie and Anschiitz, Ber., 13 , 2150 (1880). 


Slow 

reaction 


Cl— C— COjH 

II 

H — C — C0 2 H 
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molecule at the same positions on the carbon tetrahedrons which were 
previously united in the double union, and cis addition has occurred. 


H— C— C0 2 H 

II 

H0 2 C — C — H 


Fig. 66 


co 2 h 

1 

HO— C— H 


C0 2 H 

I 


H— C— OH 

| + | 

KMa ° 4 H— C— OH HO— C— H 

I I 

co 2 h co 2 h 

Fig. 67 


cis Addition, however, is not the general behavior, for bromine adds 
to maleic acid to give the racemic dibromosuccinic acid, whereas fumaric 
acid and bromine give the mcso-dibromosuceinic acid. 56 The mech- 
anism of the addition of bromine to the double union must be somewhat 
different from that of the addition of hydroxyl groups by the action of 
potassium permanganate. 

Braun 57 has shown that the nature of the reagent and the experi- 
mental conditions used have important effects in determining whether 
cis or trans addition occurs when the crotonic acids arc oxidized. The 
following chart summarizes his results: 


C0 2 H 



H-C-OH 

I 

HO— C— H 

i 

CH, 

dl-Threo-l,2-di- 
by&roxybutyrlc Acid 
M.p. 75“ 



dI-Erytliro.l,2.(ll- 
bydroxybutyric Acid 
M.p. 81° 


The Diels-Alder Reaction. The stcric selectivity of the diene 
synthesis has been studied by Alder and Stein. 58 There are two possible 
ways in which the diene can add to the activated double bond: 

65 Terry and Eichelberger, J. Am. Chem. Soc., 47, 10G7 (1925). 

87 Braun, ibid., 51, 228 (1929). 

88 Alder and Stein, Angew. Chem., 50, 510 (1937). 
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I 



cis addition tram addition 


An example is the reaction of 1,3-biitadiene with maleic acid: 


CH — CH 


CH— CH 


+ 


CH 2 CH 2 HOoC co 2 h ch 2 

\? 

c- 

I 

H0 2 c 

Fia. 68 


CII— CH 

7 \ 


,CH 2 or CH 2 


T/ 

-C 

I 

co 2 h 


CH=CH 

/ \ 


CH 2 


lH H0 2 C/ 

\l 1/ 

c — c 
I I 

HO2C H 
Fia. 69 


The cis acid (Fig. 68) is isolated from the reaction mixture. Proof of this 
is the fact that hydrogenation of the product gives the m-hexahydro- 
phthalic acid (Fig. 70). The cis acid does not come from rearrangement 

H02CC02H H0 2 c 

Fig. 70 Fig. 71 

of the Irans acid during hydrogenation because if the compound repre- 
sented by Fig. 68 is rearranged to that represented by Fig. 69 and then 
hydrogenated, the trans-hexahydrophthalie acid (Fig. 71) is produced. 

Another example of cis addition is the reaction of 1,3-butadiene with 
1,4-benzoquinonc: 



Fig. 72 Fig. 73 


The product isolated is that represented by Fig. 72, shown by the fact 
that hydrogenation followed by mild oxidation produces the ezs-hexa- 
hydrophthalic acid (Fig. 70). Numerous studies have shown that pure 
cts addition always occurs in the diene synthesis. 
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Another type of isomerism possible in diene syntheses is the exo- 
endo type. This is illustrated by the reaction product of cyclopenta- 
diene and maleic anhydride. Actually, the endo form is produced in 
the reaction. 




cis-trans Isomers in Polyolefins. When more than one unsym- 
metrically substituted double bond is present in a molecule, the num- 
ber of cis-trans isomers can be readily determined by writing out 
the possible structures. If the groups attached to the doubly bound 
carbon atoms are such as to make all olefin units unlike, the number of 
isomers possible is 2", where n is the number of olefin linkages. Thus, 
the compound abC~CR — CR— C cil can exist in four cis-trans forms 
(Figs. 74-77). However, where the substitution around the olefin 

R-C C— 'R 

I! II 

a, — C — b c — C — d 
Fig. 74 

R — C C—R 

II II 

a — C — b d — C — c 
Fig. 76 

linkage is such as to make the units alike, the number of isomers is less 
than 2". For example, the compound a&0=CR — CR=Ca& can exist 
in only three cis-trans forms (Figs. 78-80). 

R-C C-R R— C C— R R-C C-R 

a — C — 6 b—C—a b— C — a a—C—b . a—C—b a—C—b 

Fig. 78 Fig. 79 Fio. 80 

It is of considerable interest that the synthetic polyenes of Kuhn 
and Winterstein and the naturally occurring polyenes usually occur m 
only one of the possible isomeric forms. 


R-C- 


-C— R 


5— C — q c — C — d 
Fig. 75 


R-C- 


b — C — a d- 
Fig. 77 


—C-R 

4-0 
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Carbon-Nitrogen Double Bonds in Oximes 

In 1883 Coldschmidt 1 noted that benzildioxime could be con- 
verted to an isomeric compound merely by heating its alcohol solution. 
A short time later Beckmann 2 showed that benzaldoxime exists in 
two isomeric forms. Since that time, many examples of isomeric 
oximes have been recorded. In 1890, Hantzsch and Werner 3 pointed 
out that if the three valencies of the nitrogen atom in an oxime 
do not lie in the same plane, there should be an analogy between the 
isomerism of oximes and that of cis-trans isomers in the olefin series. 
The assumption of Hantzsch and Werner has proved valid, and now, 
with the knowledge that the nitrogen atom is tetrahedral, the existence 
of cis and trains isomers in oximes is explained on exactly the same basis 
of restricted rotation as was used in the olefin series.* 

All aldoximes and ketoximes of unsymmetrical ketones should be 
capable of existing in cis and trans forms (Figs. 1-4). One corner of the 



Fig. 1 Fig. 2 Fig. 3 Fig. 4 

nitrogen tetrahedron is occupied by an unshared pair of electrons. 
These compounds are usually written in the condensed form shown in 
Figs. 5-8. 

R — C — II R— C— H R — C — IF R— C — R' 

II II II !! 

HO— N N — OH HO— N N— OH 

Fig. 5 Fig. 6 Fig. 7 Fig. 8 

In the nomenclature of oximes it is customary to use the prefix syn 
in place of cis , and anti in place of trans. In aldoximes the isomer 
(Fig. 6) which has the hydroxyl group of the oxime closer to the hydrogen 
atom on the carbon is called syn and the isomer (Fig. 5) in which the 

1 Goldschmidt, Ber., 16, 2176 (1883). 

2 Beckmann, Ber., 20, 2766 (1887). 

3 Hantzsch and Werner, Ber., 23, 11 (1890). 

* It should be noted that, if the nitrogen atom is tetrahedral, tertiary amines of the 
tvpc R^RSN should be resolvable. Howe ver, this has never been realized experiment- 
al (p. 402). 
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hydroxyl group and hydrogen are on the opposite sides of the double 
union is called anti. In the case of ketoximes, it is necessary to indicate 
which group of the ketone is S7jn or anti to the hydroxyl. The examples? 
given below illustrate the system of naming which is in common use. 



Fig. 9 

syn-Phenyl p-lolyl ketnxime 
or 

anfi-p-Tolyl phenyl ketoxime 


Fig. 10 

syn-p-Tolyl phenyl ketoxime 

or 

anti-Phenyl p-tolyl ketoxime 


It has been suggested that syn and anti forms of oximes are structural 
and not stereoisomers. The various possible structural forms which 
have been suggested are the following: 


R — C^-R' 

Hi> 

Fig. 11 


H 

I 

R — C — R' 

N=0 
Fig. 12 


R C — R' 

IIX->0 
Fig. 13 


R — 0 — R/ 

ii 

N— OH 
Fig. 1-1 


The first two of these possible isomers (Figs. 11 and 12) contain 
asymmetric carbon atoms and should be resolvable, whereas no oximes 
have been obtained in which optical activity is due to the oxime group- 
ing. The nitroso structure (Fig, 12) does not account for the known 
amphoteric character of the oximes. 

The amine oxide type formula (Fig. 13) has received considerable 
attention. Actually alkylation of a symmetrical oxime often produces 
two isomeric products, one a nitrogen alkylated oxime which is derived 
from this amine oxide type, and the other an oxygen alkylated product 
derived from the usual oxime structure (Fig. 14). 

Semper and Lichtenstadt 4 showed that benzophenone oxime (Fig. 15) 
on methylation gives an N-methyl derivative (Fig. 16), and an 0- 
m ethyl derivative (Fig. 17). 


CsHs—C— Cells (CH,),S 04 CelTe-C-CelU 

if > 

N— Oil Naon CH a N^O 

Fig. 15 Fig. 16 


and 


Cellb C — Cells 
if 

N — OCIIj 


Fig. 17 


HOH / \zn HOIf/ \zn n 

^/HCl N^CHaCOaH ^/IICl \T3H|C0»H 

CJhCOCJfe CellbCIICeHe CJbCOCdb C,H»CHC.Hi 

*f I + i 

[CIIjNII 2 OH]C1 CIIaNII [1I 3 N0CH,]C1 Nil* 

Fig. 18 Fig. 19 


4 Semper and Lichtenstadt, Her., 51, 928 (1918). 
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The structure of the N-methyl derivative (Fig. 16) was established 
by the fact that it could be hydrolyzed to give N-methylhydroxylamine 
and benzophenone, while reduction converted it into benzohydrylmethyl- 
amine (Fig. 18). The O-methyl derivative (Fig. 17) by hydrolysis gave 
O-methylhydroxylamine and by reduction benzohydrylamine (Fig. 19). 

Further evidence of this has been obtained by studies of the oximes 
of phenyl p-tolyl ketone 4 and p-nitrobenzophenone. 5 These un- 
symmetrical ketones yield the usual syn and anti forms, each of which 
on alkylation gives O-alkyl and N-alkyl derivatives. Hence, the amine 
oxide structure does not aid in accounting for the syn and anti forms of 
oximes, but is necessary to account for the tautornerism of these isomers. 

The noil-planar nature of the tri valent nitrogen atom in an oxime 
was definitely proved by the resolution of the oxime of cyclohexanone-4- 
carboxylic acid by Mills and Bain. 6 This oxime does not exist in syn and 


? H 



H0 2 C co 2 h 

anti forms as would be required if the three valences of the nitrogen atom 
were in one plane. It does exist as a racemic mixture which can be 
separated into its two optical isomers. The resolution of this oxime 
further shows that the nitroso formula (Fig. 12) is not a possibility, 
since 4-nitrosocyclohexano-l -carboxylic acid has a plane of symmetry. 

Determination of Configuration. Assignment of configuration to 
oximes has been made on the basis of (1) relation of an oxime to a cyclic 
compound; (2) product of the Beckmann rearrangement of an oxime; 
(3) dipole moments of alkyl derivatives of oximes; (4) evidence for 
restricted rotation in certain oximes. 

Relationship to Cyclic Compounds. As in the case of cis-trans isomers 
in the olefin series the best method of proving the structure of an oxime 
is to relate it to a cyclic compound. 

Brady and Bishop 7 prepared two forms of 2-chloro-5-nitrobcnz- 
aldoximc. These two isomers behaved differently when treated with 
dilute alkali and with acetic anhydride. It should be noted that the 
aldoxime (Fig. 20) which loses hydrogen chloride to form a cyclic mole- 
cule (Fig. 21) under the influence of alkali is the form which gives an 

E Brady and Mehta, J. Chrm. Sac., 125 , 2297 (1924). 

6 Mills and Bain, ibid., 97 , I860 (1910). 

7 Brady and Bishop, ibid., 127 , 1257 ( 1925 ). 
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unstable acetate (Fig. 23) with acetic anhydride; the acetate loses 
acetic acid readily to give the nitrile (Fig. 24). Since only the anti form 
of the aldoxime (Fig. 20) can give a cyclic compound, it must be con- 
cluded that trans elimination of acetic acid is the rule in the aldoxime 
acetate series. 



The indoxazine (Fig. 21) readily rearranges to the phenolic nitrile 
(Fig. 22). 

The syn form of 2-chloro-5-nitrohenzald oxime (Fig. 25) is not con- 
verted to a cyclic molecule with dilute alkali and gives a stable acetate 
(Fig. 26) on treatment with acetic anhydride. This acetate can be con- 


CH 

%/ CI XOH 


(CHjCOaO 
> 


CH 

%/ CI NOCOCIIs 


Fie. 25 


Fro. 26 


verted to the nitrile (Fig. 24), but only with difficulty, and the change 
apparently involves a preliminary rearrangement of syrt-aceiate (Fig 26) 
to antz-acetate (Fig. 23). 

Meisenheimer 8 made a similar study with the isomeric 3-nitro- 
2,6-dichlorobenzaldoximes. The an/z-oxime (Fig. 27) gave a cyclic com- 
pound (Fig. 28) which readily rearranged to the phenolic nitrile (Fig. 29). 
The acetate of the oxime (Fig. 30) was unstable, and sodium carbonate 
converted it into the nitrile (Fig. 31), whereas the syn-oxime (Fig. 32) 
was unaffected by alkali and gave a stable acetate (Fig. 33) on treatment 
with acetic anhydride.* 

Meisenheimer 9 used this same general procedure to establish the 
structure of the syn and anti forms of 2 -bromo- 5 -nitroacetophenone 

8 Meisenheimer, Theilaeker, and Beisswenger, Ann., 495, 249 (1932). 

* The literature previous to 1925 contains many errors in connection with configura- 
tional work on alrloxirnes, as it was then thought that the oxime which gave the unstable 
acetate and nitrile was the xyn compound. In reading this earlier literature, it should be 
remembered that configurations are reversed in almost all cases. 

9 Meisenheimer, Zimmermann, and Kummer, Ann., 446, 205 (1920). 
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Cl 


-CH 


N0 2 

Fia. 27 | 


Cl 

NaOH 
> 


HON 

(CH 3 CO) 2 0 

Cl 


-CH 

li 

N 


N0 2 ^ 
Fig. 28 


Cc 

no 2 

Fig. 29 


-CH Na 2 C0 3 


'Cl 


no 2 


CH 3 COON 


Cl 

S 


Fig. 30 


CH (CH 3 CO) 2 


Cl 


no 2 

Fig. 32 


NOH 


a 

no 2 

Fig. 31 

CH 


N0 2 


Cl 


NOCOCHs 


Fig. 33 


oxime. The a-oxime, melting at 171°, is unaffected by alkali and must, 
therefore, be syn with respect to the hydroxyl group and the methyl 
group (Fig. 34). The /3-oxiine, m. p. 132°, gives an indoxazine (Fig. 36) 
on treatment with alkali, and hence is syn with respect to the hydroxyl 
group and phenyl group (Fig. 35). 


0aN f^"- c_ CiIa 

Vita J! 


NOII 


1ION 


V- CH. C-CH, 


V 


Fra. 34 




In 1921 Mciscnhcimcr 10 oxidized 3,4,5-triphenylisoxazole (Fig. 37) 
and obtained the benzoyl derivative (Fig. 38) of the benzilmonoxime 
having the hydroxyl anti with respect to the phenyl group. This benzoyl 
derivative was hydrolyzed to the free oxime (Fig. 39) which, on benzoyl- 
ntion, gave the original acyl derivative again. 


CiH* — C C — C b H e C*U 6 —C C — C e H$ C c H t — C C-C«H„ 

ll n 

Oxid. 


AO/" 


0 ; 
N-0-C-C 6 H* 

jl 

0 

Fig. 38 


NOH 0 


Fig. 37 

0 Meisenheimcr and Weibezahn, Bcr., 54, 3195 (1921). 


Fig. 39 
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In 1924, Ivohler 11 ozonized 3,4-diphenyl-5-carboxyisoxazole (Fig. 40) 
and obtained the same monoxime of benzil (Fig. 39). This form had 
previously been named the 0 - monoxime of benzil. The second isomer, 
called the a-monoxime of benzil, must have the s^n-phenyl configura- 
tion (Fig. 41). 


CJR- C- 


-C-C 6 H 4 


Fig, 40 


C 6 H & — C 


-C 6 H 5 


j3-Benzilmonoxime 
Fig. 39 


C 6 H 6 -C C— C 6 H» 


IION 0 


Fig. 41 


The Beckmann Rearrangement (p. 979). In 1886, Beckmann 12 
treated benzophenone oxime with phosphorus pcntachloride and after 
decomposing the reaction mixture with water isolated benzanilide. 
This rearrangement of ketoximes to substituted amides 


/° 

R»C— XOH -> RC— XHR, 


is a very general reaction and may be brought about by a variety of re- 
agents, such as phosphorus pcntachloride, 12 phosphorus oxychlo- 
ride, 12 ’ 13 acetyl chloride, 14 benzencsulfonyl chloride, 15 acetic anhydride 
containing hydrochloric acid, 14 sulfuric acid, 16 and many metallic 
chlorides. 17 

Early work showed that the isomeric forms of a ketoxime led to iso- 
meric amides. The reaction became a reliable method for determining 
the configuration of ketoximes when Meisenheirrier (see above) definitely 
established the structure of 0-benzilmonoxime (Fig. 42) and showed 
that it produced the anilide of benzoylformic acid (Fig. 43) in the Beck- 
mann rearrangement. 

C 6 H 6 — C C— Cells 

NOH 0 
Fig. 42 

11 Kohler, J. Am. Chem. Soc., 46, 1733 (1924). 

12 Beckmann, Ber., 19, 988 (1880). 

1J Beckmann, Ber., 27, 300 (1894). 

14 Beckmann, Ber., 20, 2580 (1887). 

15 Wege, Ber., 24, 3537 (1891) ; Werner and Detscheff, Ber., 38, G9 (1905). 

16 Beckmann, Ber., 20, 1507 (1887) ; 27, 300 (1894). 

17 Beckmann and Bark, J. jrrakt. Chcm., 105, 342 (1923) ; Lehmann, />. angew. C hew ■> 
36, 360 (1923) ; Lachman, J. Am. Chem. Soc., 46, 1477 (1924) ; 47, 260 (1925). 


CsIIeCOCOXHCellfi 
Fig. 43 
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Also, a-benzilmonoxime (Fig. 44) of established configuration gave 
dibenzoylimide (Fig. 45) by rearrangement. 18 

C 6 H 5 — C C— C 6 H 5 

|| II C 6 H 6 CONHCOC«H 6 

HON 0 

Eic. 44 Fig. 45 

Meisenheimer pointed out that the oxime hydroxyl group moves 
up to occupy the space on the carbon atom previously filled by the syn 
R group, whereas the anti R group moves to the nitrogen atom. The 
following scheme was used to aid in visualizing the transformations: 

R- — C=0 


NHR 

R C==0 


NHR 

In the earlier literature there are many mistaken interpretations of 
data obtained by Beckmann rearrangements of ketoximes due to an 
old belief that the syn groups (OH and R) merely exchanged their 
positions. At present the only serious limitation to this method of 
determining the configuration of ketoximes is that certain aliphatic 
ketoximes give both amides owing to ready interconversion of the two 
forms of the oxime. 10 

Dipole Moments of Oxime Derivatives. Button and Taylor 20 meas- 
ured the dipole moments (p. 1752) of a number of 0- and N-methyl 
ethers of the oxime of p-nitrobenzophenone, and were able to correlate 
some of their results with those obtained by the Beckmann rearrange- 
ment. However, as a method of determining configuration, this physical 
measurement is still unsatisfactory. 

Restricted Rotation. Meisenheimer 21 prepared two isomeric oximes 
of 1 -a ce to-2-hydroxy-3-carboxy naphthalene (Figs. 4(5 and 47) and 
found that one form of the oxime (/?) gives salts with coniine, cinchonine, 
and strychnine which exhibit mutarotation in pyridine, indicating that 

oxime molecule is asymmetric. The N-methyl ether of the /3-oxime 

18 Meisenheimer, Her., 54, 3206 (1021). 

18 Sutton mid Taylor, J. Chem . Soc., 2190 (1931) ; BJutt, Chem. Rev., 12, 215 (1933). 

so Sutton and Taylor, J. Chem . Soc., 2190 (1931). 

21 Meisenheimer, Theilacker, and Beisewenger, Ann., 495, 249 (1932). 
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(Fig. 48) was obtained in two optically active forms. The existence 
of optical isomers of this oxime or its ether can be explained on the basis 
of restricted rotation similar to that observed in the ortho substituted 
biphenyls. Restricted rotation would be expected in the oxime in 
which the hydroxyl group is syn to the naphthalene nucleus (Fig. 47). 
The a-oxime could not be resolved, and its alkaloid salts showed no 
mutarotation. Its configuration must, therefore, be that with the 



Fig. 46 Fig. 47 Fig. 48 


oxime hydroxyl group anti to the naphthalene nucleus (Fig. 4G). The 
products from the Beckmann rearrangement of these two oximes are 
those which would be predicted from the configurations assigned to the 
oximes on the basis of the resolution experiments. 

Interconversion of syn - and anfi-Oximes. When an aldehyde or 
unsymmetrical ketone is treated with hydroxylamine, the two possible 
forms of the oxime do not always result. Usually in the aliphatic series 
only one form can be isolated. Most of the known pairs of isomers have 
been obtained from aromatic aldehydes and ketones. Hantzsch 22 
studied the configurations of a large number of oximes. He arranged 
the following series of R groups on the basis of their attraction for the 
hydroxyl group of the oxime. 

CH 3 > C n H ( 2 »+ij > C 4 H 3 S, C 4 H 3 0 > o-CsIUX > C 6 H 6 CO > 
wr and p-C 6 H 4 X > C 6 H 5 > C0 2 H > CH=CHC0 2 1I > CH 2 C0 2 H 

Thus, in an oxime prepared from a ketone 0 6 H 5 C0R the syn- R. form 
(Fig. 49) is stable if R comes before phenyl, and the anti- R form (Fig. 
50) is stable if R follows phenyl in the above series. 

R — C— C 6 H 6 

|| 

HON 

Fig. 49 

Many reagents convert the labile oxime into the stable form. Bro- 
mine, acids, and bases have been used extensively for this purpose. Heat 

» Hantzsch, Ber 25, 21G4 (1892). 


R — C — Cell & 

NO II 
Fig. 50 
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usually converts the labile isomer to the stable; ultra-violet light often 
converts the stable form to the labile one. 

Other Carbon-Nitrogen Double Bonds. It is evident that any mole- 
cule containing the > C—N— group should be capable of existing 
in syn-anti forms. As a matter of fact, isomers have actually been ob- 
tained in a considerable number of cases. For example, Fehrlin 1 and 
Ivrause 2 obtained two isomeric phenylhydrazones from o-nitrophenyl- 
glyoxylic acid; Overton 3 obtained isomeric diphenylhydrazones from 
phenyl p-tolyl ketone; Hopper 4 obtained isomeric monosemicarbazones 
from benzil; Stieglitz and his students 5 obtained isomeric chloro- 
imides of the type shown in Figs. 1 and 2, and Manchot and Furlong 6 
reported syn and anti forms of certain SehifFs bases. 

N0 2 

O 


-C-'OC 2 H 5 


N— Cl 

IG, 1 



-oc 2 h 5 


This general field has not been so intensively studied as the olefins 
and oximes. 

NiTROGEN-N ITROGEN DOUBLE BONDS 

A logical extension of the tetrahedral nitrogen structure leads to the 
prediction that xyn-anti isomers should be encountered in compounds of 
the type A — N=N-~A or A — N=N — B. The simplest example of this 
type of isomerism has been furnished by the isolation of the cis and 
imns forms of azobcnzcnc. (Figs. 1 and 2). 



cix or syn form trans or anti form 

Fig. 1 Fig. 2 


1 Fehrlin, Bcr., 23, 1574 (1890). 

2 Krause, Ihr., 23, 3017 (1890). 

3 Overton, Jhr., 26, 32 (1S93). 

* Hopper, J. Chan. Soc 127, 12S2 (1925). 

5 Stieglitz and Kurle, Am. Chem. 30, 399 (1903); Stieglitz, ibid., 40, 36 (1908); 
hi pert, ibid., 40, 150 (1908) ; Stieglitz and Peterson, Tier., 43, 782 (1910) ; Peterson, Am. 
C7lew * / 46, 325 (19H). 

' Manchot and Furlong, Bcr., 42, 3030 (1909). 
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Azobenzene prepared by oxidation of hydrazobenzene or reduction 
of azoxybenzene is always isolated as the trams form, which melts at 68°. 
Recently Hartley 1 succeeded in isolating the da form of azobenzene. An 
acetic acid solution of ordinary azobenzene was exposed to sunlight for 
some time, water added, and the mixture filtered. Extraction of the 
aqueous filtrate with chloroform gave cis-azobcnzcnc, which melted at, 
71.4°. The cis form had a dipole moment of 3.0 Debye units in contrast 
to a zero dipole moment for the trails fonn. 2 

Hartley has also studied the equilibrium cis Straus in various 
solvents and has found that from 15 to 40 per cent of the cis isomer is 
present in solutions exposed to sunlight. The conversion has an activa- 
tion energy of 23 keal., and two values are given for the heat of con- 
version, 12 keal. per g. mole by Hartley, and 9.9 keal. per g. mole by 
Corruccini and Gilbert. 3 

The two forms of azobenzene and other azo compounds have also 
been separated by chromatographic adsorption. Aluminum oxide was 
used as the adsorbent and petroleum ether or benzene as the solvent. 4 

Freundlich and Heller 5 found that the cis form was more strongly 
adsorbed on alumina than the trans form, especially from petroleum 
ether solution. The trans form is more strongly adsorbed on charcoal 
from methanol solution. 

von Auwers has substantiated the cis nature of the new form by 
spectrochemical methods. 6 

Euler and Hantzsch 7 observed that treatment of p-methoxy- 
benzenediazonium chloride (Fig. 3) with sodium cyanide produced at 
first a true diazonium cyanide (Fig. 4) which gradually isomerized to 


CHl 0 O“i 

+ 

Cl" — > 

c "“Ch 

N_ 


N. 


Fig. 3 Fig. 4 


give a mixture of two products which they showed to be the syn (Fig. 5) 
and anti (Fig. 6) forms of the corresponding diazocyanide. 

The diazonium cyanide (Fig. 4) is a colorless salt, soluble in water, 
and gives a solution which is a good conductor of electricity. The syn- 

1 Hartley. Nature, 140, 281 (1937) ; ./. Chan. Soc., G33 (1938). 

* Hartley and Le Fevre, J. Chan. Sue., 531 (1939). 

a Corruccini and Gilbert, J. Am. Chan. Soc., 61, 2925 (1939). 

* Cook, J. Chan. Soc., 876 (1938) ; Cook and Jones, ibid., 1309 (1939) ; ZechincisU*, 
Frehden, and Jorgensen, Naturwissenf>cha/tm, 26, 495 (1938). 

6 Freundlich and Heller, J. Am. Chan. Soc., 61, 2228 (1939). 

6 von Auwers, Her., 71, 611 (1938). 

7 Euler and Hantzsch, Ber., 34, 4106 (1901). 
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and tmfi-diazocyanides arc colored, insoluble in water, soluble in organic 
solvents, can be hydrolyzed with water to give amides, and react with 



Fig. 5 Fig. 6 


ammonia to give amidines and with alcohols to give imido esters. Many 
such pairs of syn - and cmfo'-diazocyanides have been recorded in the 
literature. 

The best evidence that these diazocyanides are cis-trans isomers has 
been furnished by showing that the addition of reagents to the nitrogen- 
nitrogen double bond destroys the isomerism. Thus, either syn- or anti- 
p-chlorobenzene diazocyanidc 8 (Figs. 7 and 8) give the same addition 
product (Fig. 9) with benzenesulfinic acid. 



Stephenson and Waters 9 extended the study of diazocyanides to 
those derived from halogenated aromatic amines. It was found that 
an ^-diazo cyanides were thermally stable, but could be transformed 
photochcmically into the reactive syn isomers. 

If silver nitrate is added to an alcoholic solution of a syn-diazocyanide, 
silver cyanide is produced, whereas no reaction with silver nitrate is 
observed with the anti isomer unless it is converted to the syn form by 
exposure to light. Solutions of syn - diazocyanides in non-ionizing 
solvents isomerize to the anti forms even in the absence of light. These 
facts are expressed in the following equilibria: 

ArN Light Ar — N 

II W II * [ArN^NJ+CN- 
N— CN < JVC— N 


8 Hantzech and Glogauer, Ber 30, 254S (1S97). 

8 Stephenson and Waters, J. Chon. oc., 179G (1939). 
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If solutions of the Sf/n-diazocyanides in non-ionizing solvents such 
as carbon tetrachloride, benzene, and ether are warmed, no nitrogen is 
evolved although a conversion to the more stable anti form is observed. 
Addit ion of copper powder, however, results in a complete decomposition. 

Measurement of the dipole moments of several pairs of isomeric 
diazocyanides has confirmed the conclusions of Hantzsch that the anti 
forms are the stable isomers. 10 The progress of the spontaneous isomer- 
ization of the cis into the tram forms in benzene solution was followed by 
means of dielectric-constant measurements. The activation energy for 
the conversion of p-broinobenzenediazocyanide was found to be 21.6 
keal., which is nearly the same as that for the conversion of cis- into 
frrms-azobenzene, leading to the suggestion that both transformations 
proceed by the same mechanism. 

Hantzsch 11 prepared syn- and a rc/Z-diazo sulfonates by the action of 
potassium sulfite on diazonium salts. Both syn and anti forms were 
reduced to give the same potassium phenylhydrazine sulfonate, C 6 H 5 - 
NHNHSOsIv. 


fCeHs— N1 

+ 

rc«H s — N1 

+ CsIIbN 

C 6 H s N 

11 

Cl' -» 

III 

SO,K' - || 

+ II 

L nJ 


L N 

KOsSN 

NSOaK 


Fio. 10 Fig. 11 Fig. 12 Fig. 13 


The action of alkali on diazonium salts converts them into syn- and 
cm {/-potassium diazotates. In the case of potassium p-nitrophcnyl 
diazotate, the two forms are stable enough to isolate. 12 The syn isomer 


0 2 X- 


W 1 

KON 
Fig. 14 


°*-\ n 


NOK 


Fig. 15 


(Fig. 14) forms first, but gradually changes over to the more stable 
anti isomer (Fig. 15). In the older literature, the anti diazotate is fre- 
quently called the isodiazotale. The existence of these isomers has also 
been explained on the basis of tautomerism, but this explanation has 

/ U 

C 6 H 6 N=NOII CcIIaNC 

\NO 

less experimental foundation than the syn and anti type of isomerism 
which Hantzsch originally suggested. 

10 Le Fcvro and Vine, ibid., 431 (1938). 

11 Hantzsch, Bar.. 27, 1715, 1726 (1894). 

12 Schraube and Sehmidt, Bcr., 27, 514 (1894). 
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Muller 13 obtained isomeric forms of certain azoxy compounds (e.g., 
Figs- 16 and 17) which are of the cis-trans type. He has shown that 
these isomers have quite different dipole moments and concludes that 
the trans form (Fig. 17) is the one having the smaller value. 


CH, 



ch 3 


Fig. 16 


CH 3 



Cyclic Compounds 

Carbocyclic Compounds. The best experimental evidence now avail- 
able indicates that the atoms in three-, four-, and five-membered rings 
lie in one plane and the substituents fall in two planes, one on each side 
of the plane of the ring (Figs. 1-3). In these molecules the cyclic 



a 


Fig. 1 Fig. 2 Fia. 3 


structures restrict the freedom of rotation around the single bonds 
between the atoms in the ring, and when two or more atoms in such a 
ring are unsymmetrically substituted, cis-trans isomerism is encountered. 

Six-membered rings very probably assume a strainless configuration 
(p. 69) and, therefore, are non-planar; yet, as far as the experimental 
evidence now goes, the occurrence of cis-tmns isomerism in these rings 
may be considered along with that in the planar rings. Little is known 
experimentally concerning the possibilities for cis-trans isomerism with 
rings of more than six atoms. It seems very likely that cis-trans isomer- 
ism will be encountered in these molecules where two or more ring atoms 
are unsymmetrically substituted unless the ring is of such a large size 
that there is no longer any restriction to free rotation around the single 
bonds which hold it together. 

15 M tiller, Ann., 495, 132 (1932). 
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Relationship between cis-trans and Optical Isomerism in Cyclic Com- 
pounds. If should be remembered that cis-trans isomerism in cyclic 
molecules is often closely associated with optical isomerism (p. 315). 
For example, the cyclopropane molecule shown in Fig. 1 is a cis form, and 
it is also a meso form. The corresponding trans form (Fig. 4) is one of a 
racemic pair. The cyclopentane molecule shown in Fig. 3 is likewise a 
cis and meso form, whereas the trans form of this compound (Fig. 5) is 
one of a racemic pair. 



Fig. 4 Fig. 5 


In cyclic molecules there is often cis-trans isomerism without optical 
isomerism. The 1,4-disubstituted cyclohexanes (Figs. 6 and 7) and the 
1,3-disubstituted cyclobutanes (Figs. 7 and 8) offer illustrations. 


a ' a a a a a 



a a a a b (i 

Fig. 6 Fig. 7 Fig. 8 Fig. 9 


Determination of Configuration. The best method of determination 
of the structure of cis-trans isomers in the cyclic scries is to test the re- 
solvability of the molecule. As indicated in the preceding section, many 
cis forms are meso, whereas the corresponding trans forms are racemic 
and resolvable. This method of structure proof, though limited in its 
application, is the most trustworthy method where it can be utilized. 

Boeseken 1 devised a satisfactory method for determining the con- 
figuration of 1 ,2-dihydroxy compounds. A cis- 1 ,2-dihydroxy compound 
adds boric acid to give a cyclic complex (Fig. 10) which is a much stronger 

1 Boeseken, Rec. trav. chim ., 40, 553 (1921); Hermans, Proc. Acad. Sci, Amsterdam 
26, 32 ( 1923 ). 
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acid than boric acid, whereas a trans- 1 ,2-dihydroxy compound docs not 
form such a complex. 


rCH 2 CH— O v /O— CII CH 2 

i i >< i i 

CH 2 CH — CK \)-CH CH 2 

. Nsh/" \m/' 

Fig. 10 

Physical properties, such as melting point, solubility, and conductiv- 
ity of acids, which aid in assigning configurations to cis-trans isomers 
in the olefin series, arc of little use in the cyclic series because there are 
too many exceptions. 

The following table, prepared by R. Kuhn, 2 shows the properties of 
the hexahydrophthalic acids. 


Hexahydrophthalic 


Solubility 


Acid 

M. P. 

in Water 


feis 

190° 

Greater 

4.6 X 10~ 5 

\ trans 

215 

Less 

6.6 X 10~ & 

[cis 

162 

Greater 

8.o x nr 5 

m s 

( trans 

147 

T/ess 

4.9 X 10~ 5 

Jew 

163 

Greater 

3.6 X 10" 5 

" [ trans 

>300 

Less 

6.G X 10~ 5 


H+ 


In the cyclic molecules, as in the olefin series, it is to be expected that 
cis groups will react more readily with each other than do trans groups, 
and this aids in the determination of configuration. Thus, in the camphor 
series, camphoric acid (Fig. 11), which is the cis form, readily gives an 
anhydride, whereas isoeamphoric acid (Fig. 12) does not give one. 3 


H 



C0 2 H\ 

C(CHi)i 
CH 3 / 



C0 2 H 
Fig. 11 

2 Kuhn, Helv. Chim. Ada, 11, 71 (1928). 

3 Aachan, Ber., 27 , 2001 (1894). 


co 2 h 
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C(CH 3 ) 2 
ch 3 / 
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Fig. 12 
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Yet, trans dibasic acids frequently do give anhydrides, and hence the 
mere fact that a dibasic acid does give an anhydride is not a proof that 
it is a cis form. However, it is usually true that the trans anhydrides are 
less stable than the cis , and often rearrange to the cis forms. For 
example, the racemic cyclohexane- 1,2-dicarboxylic acid which is trans 
(Fig. 13) gives an anhydride (Fig. 14) which, on heating, rearranges 
to the anhydride (Fig. 15) of the cis or meso dibasic acid (Fig. 16). 4 


CII 2 CH 2 CH 2 CH 2 



CO — 0 — CO co 2 h co 2 h 

Fia, 15 Fig. 16 


Heats of combustion of the anhydrides of cyclohexane- 1,2-dicarbox- 
ylic acid indicate that the trans anhydride is the less stable. 5 

The opening of one ring in a bicyclic molecule, as iri the hydrolysis 
of cfs-cyclopentene oxide (Fig. 17), would be expected to lead to a cis 
form of a monocyclic molecule. However, this docs not follow, for 
Boeseken 6 showed that the above oxide gives a glycol (Fig. 18) which 
must be the trans form since it is resolvable. 

Wisliccnus 7 devised one certain method of determining configura- 
tions which is based on the same general principle as Korner’s method of 
determining orientation in the benzene ring. The two forms of 2,5- 

4 Baeyer, Ann., 258, 217 (1890). 

6 Roth and Muller, Laiidolt- Bernstein, Springer, Berlin, Fifth Ed., Suppl. part 1» P- 

B Boeseken, Rec. trav . chim., 39, 183 (1920). 

7 Widicenus, Ber., 34, 2505 (1901). 
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ch 2 -c 



ch 2 — c 
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H 

Fig. 17 


OH 

\ 

CH 2 — c 



CH 2 — 0 


\ 

OH 

Fig. 18 


dimethylcyclopentane-l,l-dicarboxylic acid (Figs. 19 and 20) can be dis- 
tinguished by the number of isomeric products which are formed by the 
loss of one molecule of carbon dioxide from the dibasic acid. The loss of 
carbon dioxide from the cis form (Fig. 19) leads to two possible mono- 
basic acids (Figs. 21 and 22), whereas the loss of carbon dioxide from the 
trans form (Fig. 20) leads to a single monobasic acid (Fig. 23). Wis- 
licenus was able to assign definite configurations to the two monobasic 
acids (Figs. 21 and 22) by an ingenious scheme. Mild hydrolysis of the 


CHa CH* CHj CH-t 

\l 

co 2 h c 


NX 

io 2 H 

Fig. 19 


CII 3 CII 2 CH 2 H 

1/ \l 

C CO 2 H c 

/I 


II 


CHs 


Xx 

<Wi 

Fig. 20 



H H 


C0 2 H 
Fig. 23 


diethyl ester of the dibasic acid (Fig. 19) gave an acid ester. The ester 
group which would hydrolyze most easily is the unhindered one which is 
below the plane of the ring (Fig. 19). Elimination of carbon dioxide 
from the resultant acid ester followed by vigorous hydrolysis of the 
remaining ester group gave a single monobasic acid which must have 
the structure shown in Fig. 22. 
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The use of the idea of steric hindrance has also served to distinguisli 
between hydromellitic add (Fig. 24) and isohydromellitic acid (Fig. 25). 
The latter gives a monomethyl ester when treated with methyl alcoholic 

C0 2 H co 2 h co 2 h co 2 h 

II II 

C0 2 H C C C0 2 H COsII c C COiH 



Fig. 24 Fig. 25 


hydrogen chloride, whereas the former remains unesterified. 8 Likewise, 
Vavon 9 assigned structures to certain moiiosubstituted cyclohexanols 
(Fig. 2G) on the basis that the cis forms are more difficult to esterify, 
and their esters are more difficult to saponify. 

CH 2 — CH 2 

/ \ 

ch 2 choh 

\ / 

CH 2 — CHR 

Fig. 26 


Inter conversion of Ismners. Interconversion of cis-trans isomers in 
the cyclic series takes place readily only when there is a chance for 
tautomerism. Examples are menthone 10 (Fig. 27), the hexahydro- 
phthalic acids, and camphoric acid 11 (Fig. 28). The reagents which 


CH* CH 2 — CO H 



H CH 2 — CH 2 CH(CH 3 ) 2 


Fig. 27 
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CH 2 - 
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l 

-Cv 




co 2 h 

Fig. 28 


8 van Loon, Ber., 28, 1270 (1895). 

9 Vavon, Bull. hoc. chim., [4] 39, 666 (1926) ; 43, G67 (1928). 

10 Beckmann, Ann., 250, 334 (1889). 

11 Aschan, Ann., 316, 217 (1901); 387, 16 (1912). 
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cause the conversion of one form to another are those which also favor 
enolization. 

Heterocyclic Compounds. The introduction of a hetero atom such 
as oxygen, nitrogen, or sulfur in the cyclic system does not change the 
real ring structure, since these atoms arc tetrahedral. The cyclic acetals 
in the sugar series are well-known examples of the heterocyclic com- 
pounds with oxygen in the ring. Cornubert arid Robinet 12 have recently 
isolated the two forms of a, a '-diphenyl tetrahydro- 7 -py rone (Fig. 29). 
The chapter on alkaloids (p. 1166) furnishes illustrations of cis-trans 
isomerism involving nitrogen rings. 


H CbHb 



C 6 H 6 C e H s 

Fia. 29 


Some interesting examples of cis-trans isomerism in rings containing 
sulfur oxidized to the sulfoxide stage have been investigated. Bennett 
and Waddington 18 separated several pairs of the sulfoxides of pen- 
thianols (Fig. 30). Bell and Bennett 14 isolated the cw and tram forms of 


0 CH 2 CH 2 OH CHa CH 2 OH 



CH 2 CH 2 It 0 CH 2 CH 2 It 


Fig. 30 

the disulfoxide of 1,4-dithian (Fig. 31). The same authors 15 isolated the 


0 CH 2 CH 2 0 CHs — — CH 2 0 



CH 2 CH 2 0 CH 3 — ch 2 


Fig. 31 

12 Cornubert and Kobinet, Bull. soc. chim [5] 1, 90 (1934). 

13 Bennett and Waddington, J. Chcm. Soc., 2832 (1929). 

14 Bell and Bennett, ibid., 1798 (1927). 

15 Bell and Bennett, ibid., 15 (1929). 
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various cis-trans isomers of the di- and trisulfoxides from trithian 
(Fig. 32). 



Fig. 32 


Condensed Ring Systems, cis-trans Isomers exist in certain con- 
densed ring systems, but not in others. If the rings are fused in the 1,2- 
positions, two isomers may be obtained when both rings contain six 
atoms, both rings contain five atoms, or one ring contains six atoms and 
one contains five atoms. Hiickel 16 isolated the ci$ (Fig. 33) and trans 
(Fig. 34) forms of dccahydronaphthalene. Heifer 17 obtained two forms 
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ch 2 ch 2 

ch 2 ch 2 
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Fig. 34 


of decahydroisoquinoline (Fig. 35), and Boeseken and his co-workers 18 
prepared the ds and trans forms of naphthodioxane (Fig. 36), thus show- 
ing that condensed heterocyclic systems behave like the homocyclic 

18 Hiickel, Ann., 441, 1 (1925) ; 451, 109 (1926). 

17 Heifer. Heh . Chim. Acta , 6, 795 (1923) ; 9, 814 (1926). 

18 Boeseken, Tellegen, and Henriquez, Rec. Irav. chim,., 50, 909 (1931). 
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systems. Htickel and Friedrich 19 showed that hexahydrohydrindanone 
(Fig. 37) occurs in two forms which are cis and trans isomers. 
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Fig. 38 


The existence of two forms of 3,3,0-bicyclooctane 20 (Fig. 38) is evi- 
dence for the occurrence of cis-trans isomers in fused five-membered rings 
uf the 1,2 type. 

Cyclohexene oxide 21 (Fig. 39) has been found in only one form, thus 
indicating that a three-me inhered ring fused to a six-rnembered ring in 


CH* 


ch 2 

CH\ 


0 

ch 2 

CH^ 


\ / 
C1I 2 

Fig. 39 


the Imposition is too highly strained to exist in a trans modification. 
For the same reasons, it seems unlikely that the trans isomers will be 
encountered in any 1,2 condensed ring system which has as one of its 
members a ring of less than five atoms. 

A considerable number of compounds is known in w'hich two six- 
membered rings are fused through the 1,3- and the 1,4-positions. The 

1S Htickel and Friedrich, Ann., 451, 132 (1926). 

2o Linstead and Meade, J. Chem. Soc 935 (1934); Barrett and Linatend, ibid., 436 
(1935). 

21 Bartlett, J. Am. Chem. Soc., 57, 224 (1935). 
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trans forms are highly strained configurations, and the experimental evi- 
dence points to the existence of only the cis isomers. Examples of these 
types of condensed nuclei are 3,3, 1-bi cyclononane 22 (Fig. 40), cam- 
phanc 23 (Fig. 41), and 2,2,2-bicyclooctane 24 (Fig. 42). 
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The condensed ring systems arc of considerable importance in con- 
nection with the chemistry of the alkaloids (p. 1166), terpenes (p. 70), 
sterols (p. 1379), and related compounds. 

Terphenyl Derivatives 

In 1929 Stanley and Adams 1 pointed out that terphenyl derivatives 
substituted in the positions ortho to the pivot bond joining the phenyl 
groups and unsymmetrically substituted in the terminal phenyl groups 
could exist in cis and trans forms. Several derivatives of this type have 
been prepared, and most of them are also isomers of the racemic and 
meso types as well as of the cis-trans type. Since these have already 
been described in the section on optical isomerism (p. 370), only the 
cis-trans isomers which do not show optical isomerism will be considered 
here. 

If the central benzene ring in the terphenyl derivative is substituted 
with four like groups, the resulting terphenyls are not asymmetric, but 
cis-trans isomerism is possible (Figs. 1 and 2). 

A A 


Fio. 1 

11 Meerwein and Sehurmann, Ann., 398, 196 (1913) ; J. prakt. Chcm., 104, 161 (1922). 

23 Hiickel, Ann., 455, 123 (1927). 

24 Alder and co-workers, Ann., 614, 1 (1934); Kasansky and Plate, Bcr., 68, 1259 
(1935). 

1 Stanley and Adams, Rec. trav. chirn., 48, 1035 (1929). 





cis-trans ISOMERISM 


487 


Shildncck and Adams 2 prepared the cis and Irtins isomers of 2,5-di- 
(3-bromo-2,4,6-trimethylphenyl)-l,3,4,6-tetrahydroxyhenzene (Fig. 3) 
and of some of their tetraacyl derivatives (Fig. 4). 


Br CH, H /-\ H H 3 C Br 

cHa<o^-/ y-Kr 

Cli> HOOH Il3C 


>CH 3 CHjC 


Fia. 3 


Br CH„ H r-^ H H 3 C 



HO OH 


These pairs of compounds were remarkably stable to attempts at 
direct conversion of one form to the other. Naturally, the same condi- 



0113 rb 

o=c c=o 

R H 


Fig. 4 


tions which favor raccmization of optically active biphenyl and terphenyl 
derivatives will favor interconversion of these cis and trans forms. There 
is no general method of determining the configuration of terphenyls 
which arc not also optically active. When optical activity is possible, 
the determination of cis and trans configurations can be made by relating 
the isomers to meso and racemic forms. 

This type of cis-lrans isomerism which is dependent on restricted 
rotation around a single bond has been predicted for quaterphenyls 3 
and will undoubtedly be discovered in other series as well. 
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HISTORICAL 

Frankland, 1 in 1840 , was the first to isolate an organometallic com- 
pound and then establish its constitution. He set out to prepare the 
free ethyl radical, using zinc to remove iodine from ethyl iodide, and 
obtained instead diethylzinc. 

2C2H&I -}- 2Zn — ► (CjII^sZii *b Z11I2 

Then, in a series of classical investigations with inflammable and 
poisonous compounds, he extended his studies to other metals and soon 
laid the groundwork of much of our present knowledge of organometallic 
chemistry. Although Frankland did not realize his primary objective 
of preparing alkyl radicals, it is significant that, his organometallic com- 
pounds provided the essential means, long years later, for the prepara- 
tion of free alkyl radicals by pyrolysis. 

(C 2 H 6 ) 2 Zn -* 2C 2 H 5 + Zn 

In free radical chemistry, organometallic compounds not only are useful 
for the preparation of free organic radicals and the identification of 
free radicals (by combinations with metals to give organometallic 
derivatives), but also their use provides a satisfactory means for estab- 
lishing, uniquely in many cases, the existence of some elements in 
so-called abnormally valcnccd states like tetravalent chromium in R4C1’. 

Frankland, before going deeply in his work, said that he “became 
impressed with the fixity in the maximum combining power or capacity 
of saturation in the metallic elements which had not before been sus- 
pected.” The strenuously advocated case by Kekul6 and others for a 

1 Frankland, Ann., 71, 213 (1849). 
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fixity in valence found support, therefore, in the early work with organo- 
metallic compounds. It is interesting to note, then, how the whole 
picture of valence, as it concerned organonietallic compounds, changed 
over the years: at first, organometallic chemistry did much to sustain 
the concept of fixity in valence; later, it provided a very useful tool to 
establish the wide variability in valence for certain elements. 


DEFINITION 

Broadly speaking, organometallic compounds are compounds which 
have a direct union of carbon with a metal. There is no agreement on 
the definition of a metal. To some, the elements are very largely 
metallic and to such an extent that, of the 92 known elements, 68, or 
74 per cent of the total, are metals; 11 of the remainder or 12 per cent 
of all the elements have some of the properties of metals (B, C, Si, P, 
As, Sb, Se, Te, Po, I, and Element 85) ,* and only 13 elements are non- 
metals (H, N, 0, S, F, Cl, Br, He, Ne, A, Kr, Xe, Rn). 2 The organic 
chemist would prefer to delimit the “somewhat metallic” elements to 
exclude at least phosphorus, selenium, and iodine; and he would wisely 
elect to consider carbon in organic compounds as a non-metal, if only to 
avoid classifying practically all organic compounds as organometallic 
compounds. 

There are numerous types of organometallic compounds. Those 
having but one metal may contain one or more R groups and one or 
more X groups, depending on the valence of the metal and the stabilities 
of the organometallic compounds: (^HgNa, (GHs)sAl, CHgHgCgHs, 
CoIIgBeCl, (C 6 H n ) 2 PbBr 2 , CH 3 SnCl 3 . The R group can be aliphatic, 
alicyclic, or aromatic, and although it may have a wide variety of sub- 
stituents it obviously cannot contain a substituent which can react with 
the selected organometallic linkage. For example, no compound 
like Ii — 0— CflH^IgBr is known because of the prompt and vigorous 

11 

0 

reaction of an RMgX compound with an aldehyde. X may be halogen, 
or almost any acid radical, hydrogen, hydroxyl, amino, or other group 
depending on the organometallic type; but the X group cannot be one 
which reacts with the selected organometallic type, and this would rule 
out the possibility of C 2 H 5 CaOH inasmuch as organocalcium com- 
pounds react vigorously with the hydroxyl group. The metal might 
be an integral part of a cyclic structure like pcntamcthylencmcrcury, 
(CII 2 ) 5 Hg; or it may be attached to a methylene group in a simple 

2 Eernelius anti Roby, J. Chem. Education, 12, 53 (1935). 
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type like methylene-aluminum iodide, CH 2 — All. Where two or 
more atoms of a metal are present, we may have the same metal as 

CH 3 CH 3 CH 3 

I I I 

in dodecamethylstannopentane, (CH 3 ) 3 Sii — S 11 — Sn — S11 — Sn(CH 3 ) 3 , and 

CIIs CII 3 CII 3 

diiodozincmethane, CH 2 (ZnI)2; or unlike metals as in 1 -trimethyl- 
stannyl - 5 - trimethylplumbylpentane, (CH 3 )3SnCH2(CH 2 )3CH 2 Pb- 

(CH 3 ) 3 . 

The two main classes of organometallic compounds arc commonly 
known as “simple” and “mixed.” By a simple organometallic com- 
pound is understood one which has only R groups attached to the 
metal (M) as R 4 M, whereas a mixed organometallic compound has 
both R and X groups attached to the metal, as R 2 MX. The simple 
types may be further divided into symmetrical (Co^HgC^Hs) and 
unsymmetrical (C 2 H 5 HgC4H 9 ) groups. 

Strictly speaking, carbides are organometallic compounds, and 
although some of them have general characteristics that warrant their 
inclusion as organometallics it would seem desirable in the space allotted 
to give them no more than cursory consideration. Also, metallic 
cyanides and metallic carbonyls are not to be considered here, partly 
because of some uncertainties concerning their structures but more 
particularly because they do not appear to have what might be termed 
the essential characteristics of organometallic compounds. In view of 
such arbitrary limitations it may appear surprising to suggest the 
inclusion of compounds that have no carbon and so are not organic in 
a strict sense. However, a case of sorts can be made for the metallic 
hydrides. Several homologous series have as theoretical first members 
a simple inorganic substance 


1 

1 H» 

[h 2 o 

1 

[xh 3 f 

chJ 


ch 2 

CH* 

ch 2 

1 

|c'H, 

ch 3 oh 


CH3NH2 

CH*| 

[ 

chJ 

CHtj 

chJ 


[c 2 h 6 

Ic 2 h 5 oh 


[c 2 h 6 nh 2 1 


whose general properties warrant consideration with the organic mem- 
bers of the series. On such a basis, the first member of each scries of 
simple organometallic compounds is a metallic hydride. Actually) 
some metallic hydrides do exhibit properties highly reminiscent of the 
organometallic compounds containing that metal . 3 

It should be stated at this place that organometallic compounds 


3 Kraus, ibvL, 6, 1478 (1929). 
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have not been prepared from all metals. There are some who believe 
that certain metals cannot form organometallic compounds. It is 
probable, however, that all metals will form organometallic compounds. 

OCCURRENCE 

The only reported occurrences in nature of compounds which might 
be considered to be organometallic are those of moissanite, SiC, and of 
cohenite (FeCoNi^C. Both compounds have been found in meteorites. 
The great stability of certain types of organometallic compounds war- 
rants the prediction that others may be found. 

PREPARATION 

There are many procedures, general and specific, for the preparation 
of organometallic compounds. Some of these will be considered subse- 
quently, but at this time it would seem desirable to mention three 
syntheses of wide application. 

RX + M-* liMX or 2RX + 2M R 2 M + MX 2 (1) 
R 2 M' + M" -> R 2 M" + M' (2) 

R 2 M' + M"X* -> R 2 M" + M'X 2 (3) 

Basically, therefore, organometallic compounds derive from interaction 
of an RX compound with a metal or its alloy or amalgam. This applies 
particularly to the preparation of organozinc, -magnesium, and -lithium 
compounds, which are among the most effective types for the trans- 
formations illustrated in reactions 2 and 3. The historically important 
organozinc compounds have been largely superseded for synthetic 
purposes by the magnesium and lithium compounds which are less 
inflammable, less toxic, and more conveniently manipulated. Although 
organozinc and -mercury compounds still find use for the synthesis 
of other organometallic compounds it is significant that many zinc and 
mercury compounds arc best prepared from the corresponding organo- 
magnesium and -lithium compounds. 

In reaction 2, M" is generally of a higher potential or above M' 
in the electromotive series; but in reaction 3, the reverse relationship 
generally holds, and M" is below M' in the electromotive series. It 
should be stated, however, that the reactions are not typically electro- 
chemical in kind and that they are often reversible. As specific illus- 
trations we have: the Grignard reagent formed in accordance with 
reaction 1; organolithium compounds formed from metallic lithium and 
the RMgX compound in accordance with reaction 2; and organo- 
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aluminum compounds formed from aluminum chloride and the Grig- 
nard reagent in accordance with reaction 3. In general, a more reactive 
organometallic compound is formed from a less reactive compound 
in reaction 2; and a less reactive organometallic compound is formed 
from a more reactive compound in 3. These generalizations apply to 
all organometallic compounds so that one might expect to use any RM 
compound for the synthesis of all other organometallic compounds. 
Something approaching this has been realized with the Grignard 
reagent, which has been used, at one time or another, for the prepara- 
tion of practically all other organometallic compounds, the more reactive 
ones being prepared from RMgX and a metal, and the less reactive 
ones from RMgX and a metallic halide. 

PROPERTIES 

The physical, chemical, and physiological properties of the numerous 
different types of organometallic compounds vary greatly. However, 
certain classes of RM compounds can be grouped conveniently. A 
simple and effective system of classification is by groups in the periodic 
table, and the organometallic compounds will be considered here in 
the order of such periodic groups. Fortunately, there are available two 
reactions which can be used further to simplify classification into the 
following three divisions on the basis of relative reactivities: (1) the 
highly reactive compounds; (2) the moderately reactive compounds; 
and (3) the relatively unreactivc compounds. The two reactions are 
addition to an olefinic linkage and addition to a carbonyl group. The 
highly reactive compounds add to both the olefinic linkage and the 
carbonyl group; the moderately reactive compounds add only to the 
carbonyl group; the relatively unreactive compounds add neither to the 
olefinic linkage nor to the carbonyl group in reasonable time. 

In order to gain a broad survey of the whole domain of organo- 
metallic compounds there appear to be certain advantages to a prior 
consideration of a moderately reactive type, for not only do all moder- 
ately reactive compounds show the same general reactions, at different 
rates, but the highly reactive compounds also show such reactions m 
addition to the special reaction mentioned with the olefinic linkage. 

A moderately reactive RM type is the Grignard reagent. RMgX 
compounds are, at this time, the most important group of organometallic 
compounds, and a general knowledge of their properties should provide 
a useful basis for orienting and correlating the other types. 



ORGANO METALL I C COMPOUNDS 


495 


GRIGNARD REAGENTS 

Historical. The first application of magnesium in synthetic organic 
chemistry was made by Barbier, 4 who in 1899 obtained dimethylhep- 
tenol from interaction of a mixture of methylhcptcnone, methyl iodide, 
and magnesium in ether. 

(CH 3 ) 2 C==CHCH 2 CH 2 CCIIj (CIIj) 2 C=CHCH 2 CH 2 C(CHj) 2 

% II Mg 

0 OMgl 

(CH 3 ) 2 C=CHCH 2 CH 2 C(CH 3 ) 2 

I 

OH 

Then, in 1900, his student, Grignard, 8 resolved this typical synthesis 
into two reactions: first, preparing the RMgX compound in ether solu- 
tion; and then treating the organomagnesium halide with a reactant. 
Grignard promptly realized the great possibilities of the reagent which 
later came to bear his name, and in a series of vigorously prosecuted 
studies he laid the foundations for much of our present knowledge of the 
reagent and its reactions. For his elegant work which provided organic 
chemists a most useful tool for syntheses he was awarded a Nobel prize 
in 1912. 

Long years before Grignard made his discovery, Hallwachs and 
Schafarik 6 prepared an organomagnesium compound by heating ethyl 
iodide with magnesium. On the basis of their examination they con- 
cluded that their product contained traces of diethylmagnesium. 
Later, Fleck 7 " purposefully set out to prepare phenyl magnesium bromide 
(by the slow addit ion of bromine to diphenylmagnesium in anhydrous 
ether) in accordance with the following reaction written by him. 

(CeH 5 ) 2 Mg + Br 2 -> C 0 H 5 MgBr + C 6 II 6 Br 

However, because he obtained only bromobenzene and magnesium 
bromide he pictured the course of read ion as follows: 

(CcH 6 ) 2 Mg + 2Br 2 -> 2C 6 H fi Br + MgBr 2 

and concluded that a stable compound corresponding with the formula 
(-eHsMgBr was not formed. Subsequently, it was shown by others 78 

4 Barbier, Compt. rend, 128, 110 (1899). 

J Grignard, ibid., 130, 1322 (1900). 

* Hallwachs and Schafarik, Ann., 109 , 200 (1859). 

7 (a) Fleck, Ann., 276, 129 (1893). (5) Gilman and Brown, J. Am, Chem. Soc„ 52, 
BSl (1930), 
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that phenylmagnesium bromide was initially formed and that the 
unfortunate addition of bromine in excess destroyed the first organo- 
magnesium halide prepared in ether. 

Preparation. The Grignard reagent is readily and conveniently 
prepared in dry ether. Some RX compounds react slowly, but by 
appropriate catalytic devices it is possible to initiate and accelerate 
the reaction. The yields are highly satisfactory, and the more fre- 
quently used Grignard reagents are obtainable in about 90-95 per cent 
yield. The commonly used solvent, diethyl ether, may be replaced 
by other ethers or tertiary amines. The preparation can also be effected 
without a solvent. Fortunately, it is not necessary to isolate the 
reagent, and the manipulation is simplified by preparing the solution 
in a suitable container and then adding the reactant, a procedure which 
reminds one of diazonium reactions. 

Occasionally the reagent is prepared indirectly by interaction of a 
Grignard reagent with an active or acidic hydrogen attached to carbon. 

C 6 H 5 C=CH + C 2 H 5 MgBr C 6 H 5 CssCMgBr + C 2 H fl 


Analysis. A sensitive, qualitative color test 8 ® for the Grignard 
reagent and other moderately reactive as well as for the highly reactive 
organometallic compounds is readily carried out by means of Michler's 
ketone (p,p -tetramethyldiaminobenzophenone). One-half to one cubic 
centimeter of the organometallic solution is added to an equal volume 
of a 1 per cent solution of Michler's ketone in dry benzene; the reaction 
product is then hydrolyzed by the slow addition of 1 cc. of water; and, 
finally, the addition of several drops of a 0.2 per cent solution of iodine in 
glacial acetic acid develops a characteristic greenish-blue color. With 
phenylmagnesium bromide, as an illustration, the product is malachite 
green. 


[p-(CH 3 ) 2 NC 6 Hd2C=0 + C 6 H 5 MgBr -» [p-(CII 3 ) 2 NC c lI 4 ] 2 CC 6 H 5 

I 

OH 


X-(CH 3 ) 2 N^ 


CHjCOjH 


(CH 3 ) 2 x 


K> 


With radicals other than phenyl attached to the metal, the color is due 
to a related di- or triphenylme thane dye. 

8 (a) Gilman and Schulze, J. Am. Cktm. Hoc., 47 , 2002 (1025). ( b ) Gilman and 
ibid., 62 , 1847 (1040). (c) Gilman and Yablunky, it/id., 63 , 830 (1941). 
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Inasmuch as the color test is directly associated with a compound 
having a carbon-metal linkage and not with compounds having a metal 
attached to an element other than carbon, the test is useful for de- 
termining when a reaction is complete, for if the organometallic com- 
pound be not used in excess the product in the reaction mixture will riot 
have a carbon-mctal linkage and hence will not give a color test. Some 
acid chlorides and pyrrole interfere with the Michleris ketone test or 
color test I. There are two other color tests. One of these, 86 color test 
II (p. 525), differentiates between Grignard reagents and organ olithium 
compounds; the other, 8 ® color test III (p. 564), Ls given by reactive 
^metallic compounds, but not by alkylmetallie compounds. 

A simple procedure for the quantitative estimation of reactive and 
moderately reactive organometallic compounds is to hydrolyze an aliquot 
and titrate the basic compound formed with a standard acid. 9a 

RMgX + II 2 0 -► RII + Mg(04I)X 
Mg(OH)X -f HX — > MgX 2 + H 2 0 

Physical Properties. The RMgX compounds are colorless solids 
which do not melt but decompose at elevated temperatures, first under- 
going, in all probability, the following transformation, which may be 
general for all mixed organometallic compounds : 

2CH 3 MgCl -> (CH 8 ) 2 Mg + MgCl* 

It is possible to cther-distil aikylmagncsium halides, but inasmuch as 
the R 2 Mg and the MgX 2 compounds can also be ether-distilled sep- 
arately there is no definite evidence that the RMgX found in the dis- 
tillate comes over as such. 96 

The dialkylmagnesium compounds are colorless crystals which can 
be sublimed under greatly reduced pressures, dimethylmagnesium being 
most volatile. Under such conditions it is possible to obtain pure 
dimethylmagnesium from methylmagnesium chloride. 9 ® The thermal 
decomposition of methylmagnesium iodide 10 ° occurs at 240°. 

Chemical Properties. Inasmuch as the following equilibrium is 
characteristic of Grignard reagents, it is clear that such reagents are 
really mixtures and that Grignard reactions are reactions of RMgX, 
RflMg, and MgX 2 compounds. 

2RMgX ?=> RzMg + MgX 2 

9 (o) Gilman, Wilkinson, Fishel, and Meyers, ibid., 45, 150 (1923) ; Houben, Boedler, 
amJ Fischer, Ber., 69, 1766 (1936). (6) Gilman and Brown, J. Am. Chem. Soc., 62, 44S0 
(1930). (c) Gilman and Brown, Rcc. trav. chim., 48, 1133 (1929). 

(a) Jnlibois, Compl. rend., 156, 712 (1913). (6) Coleman, Gilman, Adams, and Pratt, 
J > Org. Chem., 3, 99 (1938). 



498 


ORGANIC CHEMISTRY 


However, RMgX and R 2 Mg mmpounds show the same reactions, almost 
without exception, and differ essentially only in rates of reaction. 

The Grignard reagents almost invariably react as R and MgX units. 
In addition reactions to an unsaturated linkage, the R attaches itself to 
the relatively less acidic element and the MgX to the relatively more 
acidic element. 


0=0 

C=S 

S=0 

N=0 

C=N 


MgX 


When the unsaturated linkage is made up of the same elements there 
are only two important types to consider. One of these is the olefinic 
or acetylenic linkage to which Grignard reagents do not add, or do not 
add at an appreciable rate. The other is the azo linkage, and here two 
MgX groups add, the R groups then undergoing coupling to R- R 
compounds and disproportionation to R(-j-H) and R(— H) compounds 
(see p. oil for a different course of reaction between azobenzene and 
more reactive RM compounds). 

C e H 5 X=NC 6 ll5 + 2RMgX -> C 6 1I,X N Cells + 211- 

I I 

MgX MgX 

With compounds like isocyanides, the Grignard reagent adds to some 
extent to the terminal unsaturated carbon. 

/R' 

RX— C + R'MgX -» RX=C< 

X MgX 


A related reaction occurs with some aliphatic diazo compounds . 105 


R 2 CX 2 + R'MgX 


r 2 C=X— X< 


rlV 

XlgX 


In reactions not involving addition to unsaturated linkages the same 
generalizations hold. That is, the R attaches itself to the relatively 
less acidic element and the MgX to the relatively more acidic element. 


C 6 H s OC 2 H 5 + RMgX C 6 H 5 OMgX + RC 2 II 5 

That, portion of the R groups which does not combine with an element 
in such cleavage and related reactions couples or disproportionates. 

Cleavage by Hydrogen, Active Hydrogen Compounds, and Halogens. 
Grignard reagents can be cleaved by hydrogen under standard hydro- 
genation procedures. 


2RMgX + 2H 2 -> 2RH + MgH* + MgXj 
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This reaction is shown by other organometallic compounds and pro- 
ceeds most readily with the most reactive RM types. 11 ® Actually, 
phenylpotassium, for example, undergoes reaction by merely bubbling 
hydrogen into a petroleum ether suspension at room temperature, 
atmospheric pressure, and without a catalyst. 11 * 

C 6 H 5 K + H 2 -> C 6 H g + KH 

Compounds which contain hydrogen attached to any element but 
carbon (and in some special cases when attached to carbon) cleave 
Grignard reagents in such a manner that the R group of RMgX com- 
bines with the active hydrogen. 

C 6 H 5 MgBr + C 2 H 6 OH -> C 0 H e + C 2 H 6 OMgBr 

The noteworthy types which contain an active hydrogen attached 
to carbon are the true acetylenes (having the — C^CH linkage), and 
the indenc and fiuorenc types which have hydrogen attached to a 
carbon (indicated by an asterisk) holding two strongly negative groups. 



H 


Diphenylmethane, having a carbon attached to two phenyl groups 
which are not bridged, has no active hydrogen as far as the Grignard 
reagent is concerned, but the hydrogens attached to the lateral carbon 
in diphenylmethane are acidic to other, more reactive organometallic 
compounds. The lateral hydrogen in triphenylmethane appears to be 
very weakly acidic, as judged by its slow replacement by — MgX when 
treated with a Grignard reagent. 

The vigorous destruction of Grignard reagents by active hydrogen 
attached to elements other than carbon emphasizes the necessity of 
excluding moisture from reagents and apparatus. The cleavage of 
RMgX compounds by active hydrogens can, however, be a most useful 
analytical reaction for two purposes. First, the concentration of low- 

11 (a) Zartman and Adkins, J . Am. Chcm. Sue., 54, 339S (1932) ; Burdick and Adkins, 
ihid - 56, 438 (1934). (b) Gilman, Jacoby, and Ludoman, ibid., 60, 2336 (1938). 
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molecular-weight Grignard solutions can be determined with precision 
by adding an excess of water and measuring the volume of gas evolved. 
Also, of course, the acid-titration method of quantitative analysis of 
RMgX compounds depends on prior cleavage or hydrolysis. Second, 
the presence of active hydrogen and the number of active hydrogens in a 
molecule is readily determined by the widely used Tschugaeff-Zerewitin- 
off 12 analysis which consists essentially in adding an excess of methyl- 
magnesium iodide to a sample of the compound to be analyzed and 
measuring the volume of methane evolved. 

CH*MgI + R 2 NH -> CH 4 + R 2 NMgI 

Halogens cleave RMgX compounds as follows: 

2RMgX + 2I 2 -► 2RI + 2MgXI 

The 2MgXI probably disproportionates to MgX 2 + MgT 2 . The 
reaction with iodine, in particular, goes quite smoothly, and has been 
recommended for the quantitative analysis of Grignard reagents. 
However, it is less accurate and not so widely applicable as the acid- 
titration method of analysis. 13 As might have been expected, cyanogen 
and the halogen-cyanogens behave in a similar manner, but the un- 
symmctrical halogen-cyanogens can cleave RMgX compounds in two 
ways, 

RMgX + NC— CN -> RCN + MgX(CN) 

RCX + MgXCl 
RCl + MgX(CN) 

Addition to Unsaturated Linkages (p. G46). The most widely used 
synthetic reaction of Grignard reagents involves 1,2-addition to an 
unsymmetrical double or triple bond. With a simple carbonyl group, 
alcohols are formed: formaldehyde gives a primary alcohol; other alde- 
hydes a secondary alcohol; and ketones a tertiary alcohol, 

r 2 C=0 + R'MgX -► R 2 R'COH 

The color test I with Michler’s ketone depends on the intermediate 
formation of a tertiary alcohol. 

Esters (other than those of formic acid, which yield secondary 
alcohols) also give tertiary alcohols, but sometimes it is possible to 
arrest the reaction partly at the ketone stage. 

14 Zerewitinoff, Ber., 40, 2023 (1907). See, also, Tschugaeff, Ber., 35, 3912 (1902), 
Hibbert and Sudborough, J. Chem. Soc., 85, 933 (1904); and, particularly, Kohler, Stone, 
and Fuson, J. Am. Chem. Soc.., 49, 3181 (1927). 

13 Job and Reich, Bull, soc . chim., 33, 1414 (1923) ; Gilman and Meyers, Rec. trav. chvn , 
45, 314 (1926). 


RMgX -|- Cl — CN - 
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In general, acids and their common derivatives like acid anhydrides, 
salts, acid amides, and acid halides give ketones and tertiary alcohols. 
The reaction with acid halides is of more than ordinary interest because 
of its bearing on the mechanism of reaction of Grignard reagents with 
acid derivatives and because acid chlorides react with a largo variety of 
organometallic types. 

In ketone formation from acid chlorides either direct replacement of 
chlorine by K or prior addition to the carbonyl linkage is possible. 

XdUCOR + MgXCl 

C 6 H 6 COCl + RMgX\ R 

\ I 

N C 6 H 5 COMgX -> CgHsCOR + MgXCl 
Cl 

Although there is no definite answer to the question at present, it 
appears on the basis of studies by Entemann and Johnson 14 that 
reaction takes place first by addition to the carbonyl group. These 
authors carried out a series of competitive reactions in which one 
equivalent of phenylmagnesium bromide was added to a solution con- 
taining one equivalent of each of two reactants. An examination of the 
products revealed the extent of each reaction. For example, from a 
reaction between phenylmagnesium bromide and a mixture of benzo- 
phenone and benzonitrile there was recovered 98 per cent of benzo- 
nitrilc and no benzophenone. Accordingly, the carbonyl group in 
benzophenone is much more reactive than the nitrile group in benzo- 
nitrile. On this basis the relative reactivities of some functional 
groups arc: 

-CHO > — COCHa > — NCO > — COF > — COC 6 H 6 , 

— COC1, — COBr > — CO 2 C 2 H 5 > — CsN 

If the reaction between acid halides and the Grignard reagent pro- 
ceeded by direct replacement, one would expect the acid fluoride to be 
the least reactive of the three acid halides, for studies of other halides 
show rather consistently that the order of decreasing reactivity of halo- 
gens in carbon-halogen linkages is: C-Br, C-Cl, C-F. However, because 
the acid fluoride was actually found to be the most reactive acid halide 
h appears reasonable to conclude that the mechanism does not involve 
a metathetical reaction, but addition to the carbonyl group. 

Prior addition to the carbonyl linkage of acid halides may not be 
t^c of all RM compounds. For example, some of the unreactive 

14 Entemann and Johnson, J. Am. Chem. Sue., 55, 2900 (1933). 
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organometallic compounds will react readily with acid chlorides to 
give ketones, but react extremely slowly or not at all with an aldehyde 
like benzaldehyde. In any event there appears to be another series of 
relative reactivities of acid halides with the less reactive RM compounds. 
This finds support in the reaction between benzoyl halides and di-/> 
tolylmercury. 

C 6 H,COX + (p-CH 3 C 6 H 4 ) 2 Hg -» C 6 H 6 COC 6 H 4 CH r p + p-CH 3 C 6 H 4 H g X 

Under comparable conditions, the yield of phenyl p-tolyi ketone pro- 
gressively decreases in the order: — COI, —COBr, — COC1, — COE. 
Likewise, the yield of benzophenone from phenylzinc chloride and those 
of the benzoyl halides examined decreases in the order: — COI, — COBr 
— COC1. Even with a moderately reactive type like organoaluminum 
compounds, benzoyl iodide is slightly more reactive than benzoyl 
chloride. 

This does not necessarily exclude the possibility of prior addition 
to the carbonyl group, in acid halides, which may have been activated by 
halogen. The highly reactive carbonyl group in ketene adds phenyl- 
mercuric bromide to give acetophenone 15 (p. 550). Finally, even 
though addition docs not occur at the carbonyl group, the initial coordi- 
nation complex may involve the carbonyl group. 

An unusually comprehensive scries of studies has been carried out by 
Whitmore and co-workers l6a on the types of reaction, particularly 
reduction, between branched-chain acid halides and branched-chain 
Grignard reagents. The following reactions are illustrative of the effects 
of pronounced branching. 

(CH 3 ) 3 CC0C1 + (CHj)jCMgCl -> (CH 3 ) 3 CCHO + CJI 8 + MgCl 2 

HOH 

(CH 3 ) 3 CCHO + (CH 3 ) 3 CMgCl > (CII 3 ) 3 CCH 2 OH + C 4 H 8 

The mechanism of reaction between esters and RMgX compounds 
to give tertiary alcohols is also not clear. Grignard 166 interpreted 
the reaction as involving three stages, the first being addition to the 
carbonjd group. 

RCOOC 2 II 5 + R'MgX -> RCR'(OMgX)OC 2 II 6 (I) 

RCR'(OMgX)OC 2 H» + R'MgX -> RCR' 2 OMgX + C 2 H 6 OMgX (5) 

RCR' 2 OMgX + HOH RCIl' 2 OH + MgX(OlI) («) 

15 Gilman, Woolley, and Wright, ibid., 55, 2609 (1933; ; Chute, Orchard, and Wright, 
J. Org. Chem 6, 157 (1941;. 

16 (a) Whitmore and co-workers, J . Am. Chem. Hoc., 63, 643 (1941). (&) Grignard, 
Compt. rend., 132, 336 (1901) ; Ann. chim . phys., 24, 433 (1901). 
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An alternative mechanism involves the intermediate formation of a 
ketone which then reacts with the RMgX compound to give the tertiary 
alcohol. 

RCOOC 2 H 5 + R'MgX -> RCOir + C 2 H 6 OMgX (7) 

Ketones have been isolated from such reactions, and Boyd and Hatt 17 
carried out experiments to establish the transitory existence of ketones. 
These authors showed that, when esters are treated with Grignard 
reagents in the presence of an excess of magnesium, pinacols are among 
the reaction products. The pinacols are known to form in ether solu- 
tion by interaction of a ketone and the binary system (MgX 2 + Mg). 18 
The necessary MgX 2 is present in all Grignard preparations and is also 
available from the following equilibrium which appears to hold for 
compounds having — MgX attached not only to carbon but also to 
other elements like nitrogen, oxygen, and sulfur. 

2ROMgX <=> (RO) 2 Mg + MgXi 

The formation of pinacol by the following sequence of reactions may 
then be interpreted as offering support for the existence of a ketone as 
an intermediate. 

Mg -f MgX* 2- MgX R 2 C=0 + —MgX — R 2 COMgX 
RsCOMgX RsCOMgX R 2 COH 

RaCOMgX R 2 COMgX R 2 COH 

If it be granted that ketones are formed as intermediates, there 
remains the question whether they are formed from the ester by prior 
addition to the carbonyl linkage in accordance with reaction 4 of Grig- 
nard, followed by elimination of G^HsOMgX; or by the direct replace- 
ment of the ethoxy (or RO — ) group by R' of the R'MgX compound 
(reaction 7). Boyd and Hatt suggest the initial formation of a mag- 
nesium complex, the ketone being formed by the ready loss of ethoxy- 
magnesium halide. 

On other grounds, Morton and Peakes 19 prefer the mechanism of 
Orignard because if ketones are intermediates one might expect to get 
better yields of tertiary alcohol from the ketone than from the ester, 
but such an expectation was not realized from their experiments. 

11 Boyd and Hatt, J. Chan. Soc., 80S (1927). 

18 Gomberg and Bacbmann, J. Am. Cham. Sac., 49, 236 (1927). 

14 Morton and Peakes, ibid., 55, 2110 (1933). 
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They obtained a distinctly better yield of 2,4,6-tribromotriphenyl- 


2 > 4 } 6-C 6 H 2 BnCOOCH 3 l 
2,4,6-C 6 H 2 Br3COC 6 H fi j 


+ CeH&MgBr 


(2 J 4,6-C6H 2 Br 3 )(C6H 5 ) 2 COH 


carbinol from methyl 2,4,6-tribromobenzoate than from 2,4,6-tribromo- 
benzophenone. 

Whatever the mechanism of reaction, there is preliminary addition 
of some kind (possibly to give oxonium compounds), for in some cases 
the initial complex formed from ester and Grignard reagent regenerates 
the ester on treatment with water (p. 556). 

The series of relative reactivities of some typical functional groups 
is very useful. First, it suggests possible combinations of functional 
groups in a polyfunctional type wherein preferential reactions with one 
group or another might be realized; and, second, the series is broadly 
applicable to other moderately reactive organometallic types which have 
been investigated. 

Cyanides give ketimines from which ketones are formed in the 
customary hydrolysis which concludes a Grignard reaction. 

/— dtR'C=NH 

RCX + R'MgX -> RR'C=XMgX-< 

x -»RR'C-0 + NH 3 + Mg(OH)X 

Azomethylene compounds like benzalaniline give secondary amines. 

RMgX HOII 

c 6 h 5 ch=xc 6 h 5 — C c H 5 -CH-NC s H 5 > C 8 H 5 CHXC 6 H b 

II II 

R MgX R H 


Reaction with the nitrosyl group attached to carbon as in nitroso- 
benzene is somewhat complex, but it appears that the chief course of 
reaction with phenylmagnesium bromide is the following: 

2C 6 H 5 MgBr 

C 6 H 5 X=0 + CfiHjMgBr -» (C 6 H 6 ) 2 NOMgBr > 

(C 6 H 6 ) 2 NMgBr + C 6 H 5 -C 6 H 6 + (MgBr) 2 0 

the bromomagnesium diphenylamine giving diphenylamine on hydrolysis. 

With a nitro compound like nitrobenzene, the complex reaction 
appears to proceed largely as follows: 20a 

CeHsNOa + 4C«H*MgBr -4 (C«H 5 ) 2 XH + C«H 5 -C 6 H 6 + C 6 H 6 OH 

It is to be noted here that part of the phenylmagnesium bromide is 
oxidized to phenol, and the chemiluminescence which accompanies 
this reaction is undoubtedly due to such oxidation. The formation of 

20 f<z) Gilman and McCracken, 51, 821 (1929). (5) Gilman, Kirby, and Kinney, 
ibid., 51, 2252 (1929). 
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diphenylamine and biphenyl in both the nitrosobenzene and nitrobenzene 
reactions suggests that nitrosobenzene is an intermediate in the nitro- 
benzene reaction. 

C«H6N0 2 + C 6 H 5 MgBr -> C 6 H 6 NO + C 6 H 6 OMgBr 

When alkylmagnesium halides are used, tetrasubstituted hydrazines 
are among the reaction products: for example, ethylmagnesium 
bromide and nitrobenzene give 1,2-diphenyl- 1,2-diethylhydrazinc, 
(C 6 H 5 )(C 2 H5)NK(C 2 II 5 )(C 6 H5). 

Compounds having two unsaturated linkages may be classified as 
(1) terminal or non-terminal cumulated unsaturated systems; (2) con- 
jugated systems; and (3) systems having the unsaturated linkages 
separated by one or more carbon atoms. Systems having terminal 
cumulated unsaturation comprise types like ketenes (R 2 C=C= 0 ), iso- 
cyanates (RN=C— 0), iso thiocyanates (RN==C=sS), and thionylamines 
(RN=S=0). In such systems, addition takes place predominantly, 
if not exclusively, under moderate conditions, to the terminal un- 
saturated linkage. 20 * 

HOH 

C b H 6 N=C=0 + RMgX -* CfiH fi N=C — OMgBr » 
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The carbon dioxide reaction or carbonation has been widely used both 
for the preparation of carboxylic acids and for the characterization 
of many organometallic compounds. In order to reduce secondary 
reactions leading to the formation of ketones and tertiary alcohols it is 
desirable to cool the mixture or to have the carbon dioxide in excess 
by spraying the Grignard reagent into an atmosphere of carbon dioxide. 
A simple procedure that provides cooling and an excess of carbon dioxide 
is to pour the Grignard reagent upon solid carbon dioxide. 

Conjugated systems can undergo 1,2- or 1, 4-addition, depending on 
the particular system and the Grignard reagent. The factors affecting 
1,2- and 1,4-additions to conjugated systems are considered on p. 673. 
Grignard reagents have the unusual property of unlocking a conjugated 
system which is in part lateral and in part nuclear. With benzo- 
phenone-anil, for example, addition does not take place at the lateral 
C=N — group; instead 1, 4-addition occurs as follows: 20 


MgBr 



and o-phenylbenzohydrylaniline results. It is possible that stone 
factors are partly responsible for the 1,4-addition, inasmuch as it was 
previously shown that benzalaniline, CoHsCI^NCeH^ underwent 
lateral 1,2-addilion to the >C=N — linkage. The peculiar addition of 
RMgX compound to a lateral-nuclear system is shown by some other 
compounds having such a system: for example, the addition of phenyl- 
magnesium bromide to a highly phcnylated unsaturated ketone, 22 

43 Kohler and Nygaard, ibid., 52, 4128 (1930;. 
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(C 6 H5) 2 C=C C 


i ii \ / 

Cells 0 


-f CfiHsMgBr- 


O 


H 

I 

=C 


(C 6 H 5 ) 2 C=C C=C C— II 

I I \ / 

C 6 H 5 OH C — C 


V H MI 


CaHs 


and to benzalquinaldine which has a lateral cthylenic linkage and a 
mi dear N~C linkage. 13 



CsIIjMgBr 
> 


iron 

Kearr. 




With systems having two unsaturated linkages separated by one or 
more carbon atoms, the normal 1, 2-additions take place as in simple 
systems, and if there be an ethylenie or acetylenic linkage in such 
systems there is no 1,2- addition to these particular linkages. 1,6- 
Addition is uncommon (p. 696). 

Reaction vrith Oxygen and Sulfur . The reaction with oxygen and 
sulfur may be considered as addition of the Grignard reagent to these 
elements. 

hoh 

RMgX + 0 2 -> ROMgX > ROH 

RMgX + S RSMgX RSII 


It is interesting that, whereas oxidation of alkyhnagnesium halides 
gives high yields of alcohols, the oxidation of arylmagnesium halides 
gives low yields of phenols. The unsatisfactory yields of phenols arc 
undoubtedly associated with a secondary reaction of the Grignard 
reagent with ether peroxides formed from oxygen and diethyl ether. 240 
There is no satisfactory explanation for the significant differences 
between the alkyl and aryl Grignard reagents on oxidation. 

Inasmuch as the oxidation proceeds quite rapidly it is essential 
to exclude air in Grignard reactions which proceed slowly. 246 This is 
done conveniently by operating in an inert atmosphere like nitrogen. 

2,1 Hoffman, Faria w, anil Fuson, ibid., 55, 2000 (1933). (-See, also, Allen and Over- 
' J augh, ibid., 57, 1322 (1935), and Charrier and Ghigi, Her., G9, 2211 (193(3). 

y (a) Wuyts, Compt. rend., 148, 930 (1909); Porter and Steel, J- Am. Chew. Soc ., 42, 
» (1920); Gilman und Wood, ibid., 48, ROG (192(3); Muller and Topel, Bcr., 72, 273 
0939). (h) Goebel and Marvel, J. Am. C'hctn, Hoc., 55, 1693 (1933). 
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Oxidation of RMgX compounds by oxygen, peroxides, or many 
nitro compounds is accompanied by luminescence. In general, the 
chemiluminescence is greatest with arylmagnesium halides, and par- 
ticularly with p-chlorop heny 1 magnesium bromide. 

It is probable that the Grignard reagent is peroxidized initially. 
With sulfur there are formed not only mercaptans or thiophenols, in 
good yields, but also sulfides and polysulfides. Selenium and tellurium 
behave, in general, like sulfur. 

Reaction with Inorganic Esters, With the exception of alkyl esters 
of sulfonic acids, esters of oxygen acids react essentially by replacing 
an — OR group of the ester by the R group of the Grignard reagent. 

B(OR)* + R'MgX -> R'B(OU)*, R' 2 B(OR), R' 3 B + ROMgX 

The reaction between alkyl halides and the Grignard reagent has 
been studied widely. The following replacement or coupling reaction 

RX + R'MgX -+ R— IV + MgX 2 

is confined largely to those alkyl halides having a highly reactive halogen. 
With allyl halide types the reaction is useful for the preparation of some 
unsaturated compounds. 

RMgX + Br€II 2 CH-CH 2 -+ RCH 2 CH=CII 2 
RMgX + BrCH 2 CBr=CH 2 -> RCH 2 CBd-CH 2 

In the preparation of allylmagnesium bromide it is obviously necessary 
to avoid a local excess of allyl bromide, for otherwise the initially 
formed allylmagnesium bromide would react to give diallyl. 

CH 2 =CHCH 2 MgBr + BrCH 2 CII=CH 2 -> CH 2 =CHCH 2 CH 2 CTI=CH 2 

The slow addition of a dilute solution of allyl bromide to a large excess 
of fine magnesium makes it possible to prepare allylmagnesium bromide 
in 95 per cent yields. The fact that such special precautions to avoid an 
excess of RX compound are generally unnecessary in the preparation 
of RMgX compounds indicates that the coupling reaction is highly 
subordinated under moderate conditions. With orgaiiometallic com- 
pounds more reactive than Grignard reagents the coupling reaction may 
become the chief reaction, and this accounts for the Wurtz-Fittig reaction 
when RX compounds are treated with sodium or potassium. In such 
cases, as will be mentioned later in the organoalkali section, the ex- 
tremely reactive organoalkali compounds couple readily with RX 
compounds having only a moderately reactive halogen. 

The coupling reaction is not a simple union of the R of the alkyl 
halide with the IV of the Grignard reagent. Actually, three coupling 
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products are formed (R— R', R— R, and R'— R'), for example, in the 
reaction between benzyl halides and methylmagncsium iodide. 26 

C 6 H 6 CH 2 X + CH 3 MgI -> C g H 5 CH 3 CH 3 > MglX 

2C 6 H s CH 2 X + 2CH 3 MgI -* CH 3 CII 3 + C 6 H5CH 2 CH 2 C 6 H B + 2MgIX 

The isolation of Lhree coupling products suggests that free radicals, 
benzyl and methyl, are formed initially and then couple in the three 
possible combinations. However, the concept of free radicals to account 
for coupling to R — R' compound appears unnecessary. What may 
happen is the formation of a coordination compound which is the first 
stage of all Grignard reactions 26 (p. 556). 

R 0(C 2 H6)2 

\ / 

Mg 

,71 r, 

VJ—X \ 

Then the mobile electron shell surrounding the magnesium would pro- 
vide for a sufficient approach of the R and R' ions to make unneces- 
sary the postulate of intermediate free radicals or free ions 27 (p. 1863). 

The reaction between alkyl sulfonates and the Grignard reagent is 
unusual in several respects. The overall reaction between dimethyl 
sulfate and aryl Grignard reagents 

2(CH 3 ) 2 S0 4 + RMgX RCH 3 + CHaX + (CH 3 0S0 2 O) 2 Mg 

provides no mechanism for the several products. 28 The methyl halide 
must derive in considerable part from the following reaction, which is 
known to occur quite smoothly. 

2(CII 3 )2S04 + MgX 2 2CII 3 X + (CH 3 0S0 2 0) 2 Mg 

When one mole of dimethyl sulfate (and not the two moles required for 
complete reaction) is heated with one mole of an RMgX solution, some 
of the Grignard reagent is, of course, recovered. This recovered Grignard 
reagent was shown by analysis to contain much more basic magnesium 
than halogen, which establishes the removal of part of the magnesium 

25 Spilth, Monatsh., 34, 1965 (1913); Fuson, J. Am. Cham. Soc., 48, 2681 (1926); 
EHingboe and Fuson, ibid., 55 , 2960 (1933). 

2d Hess and Rhcinboldt, Ber., 54, 2043 (1921); Meisenheimer, Ann., 442, 180 (1925) ; 
Gilman and Jones, Am. Che?n. Soc., 62, 1243 (1940); 63, 1162 (1941). 

27 Carothera and Berchet, J. Am. Chcm. Soc., 66, 2807 (1933); Johnson, ibid., 65, 
3029 (1933), 

%) Cope, ibid., 56 , 1578 (1934). ( b ) Suter and Gerhart, ibid., 57, 107 (1935); Ros- 
curler and Marvel, ibid., 50, 1491 (1928) ; Gilman and Heck, ibid., 50, 2223 (1928). 
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halide from the equilibrium: 2RMgX R 2 Mg + MgX 2 . Further- 
more, the formation of an appreciable quantity of CH 3 0S0 2 0MgR 
(a modified Grignard reagent) shows that reaction with RMgX pro- 
ceeds by cleavage as RMg-X, and not as R-MgX as is generally true 
in Grignard reactions. 

(CH 3 ) 2 S0 4 + RMgX -> CII 3 X + CH 3 0S0 2 0MgR 

This finds additional support in the preparation of the organoinagnesiinn 
methyl sulfate by interaction of dimethyl sulfate with R 2 Mg com- 
pounds. 

(CH 3 ) 2 S0 4 + RaMg -» RCH 3 + CHsOSOaOMgR 

Accordingly, there is direct experimental evidence for reaction of 
dimethyl sulfate with magnesium halide and R 2 Mg compound, and 
indirect analytical evidence for reaction with RMgX. 28 * In short, 
each component of the Grignard equilibrium reacts with dimethyl sul- 
fate. The reaction rates vary, however, and the methyl halide is 
produced largely from the rapid reaction with magnesium halide. 
Finally, it is interesting to note that the RMgX compound reacts 
differently from the R 2 Mg compound. 

Reaction with Metals and Inorganic Salts. Grignard reagents react 
with those metals which generally form more reactive organometallic 
compounds. 

RMgX + Li — ► RLi RMgX + Na — » RNa 

However, the RMgX compounds give other organometallic com- 
pounds with those inorganic salts, generally the halides, which form lens 
reactive organometallic compounds. 

RMgX + ZnCl 2 RZnX RMgX + BeCI 2 -> R 2 Be 

The organometallic product is not always isolated, for sometimes it is 
quite unstable thermally and gives rise to coupling products in a trans- 
formation which is of value in synthesis. 

2RMgX + Cu 2 Cl 2 -> 2RCu -> R— R + 2Cu 

Halides of non-metals and of metalloids also generally undergo 
replacement of halogen by R of the RMgX compound. 

RMgX + PC1 3 -> RPX 2 , R 2 PX, R 3 P 
RMgX -J- AsC 1 3 — ► RAsX 2 , R 2 AsX, R 3 As 

An excess of Grignard reagent gives the simple compounds (R 3 P an( * 
R 3 As). 



ORGANOMETALLIC COMPOUNDS 


511 


Secondary Reactions. Secondary reactions take place, in widely 
varying degrees, like most organic transformations. The kind and extent 
of the secondary reactions are influenced by the reactant, the par- 
ticular Grignard reagent used, and the experimental conditions. In 
many cases it is possible to affect significantly the rate of various con- 
current or consecutive reactions so that one or another of several 
reaction courses is made to predominate or to be exclusive. The effect 
of various factors in the most widely studied reaction of carbonyl com- 
pounds with Grignard reagents is strikingly illustrated on p. 646. 
Also, the effect of the kind of RMgX compound on 1,2- and 1,4-addition 
to conjugated systems is given on p. 673. 

Varying reaction rates are particularly evident with different types 
of RM compounds. This is to be expected, for the differences in reac- 
tivity of RM compounds having different metals exceed the differences 
in reactivity of a series of RMgX compounds having different R and 
X groups. For example, benzalacetophenone can undergo 1,2- or 1,4- 
addition. 


C 6 II 6 CH=CIICCJI 6 +C < H i M - 

(I 

0 


► C«I I jCH=CHC (C»H 6 ) 2 

i)n 


CelbCH^CHCCJTi+CelbM' - 

II 

o 


non 


(CJId 2 CH==£!C # H*-- 
OM 


►(CftH 6 ) aCIICII jCCel T 5 


Table I illustrates the effect of various C 6 H 5 M compounds on the 
extent of 1,2- and l,4-additions. 29 “ 


TABLE I 


ItM 

% 1,2- Addition 

% 1, 4- Addition 

(CfiII.0 2 Bc 


90 

(CfilMn 


91 

(CsIUlaAl 


94 

C 6 H ; ,MnI 


77 

C 6 H r) MgBr 


94 

CgllaLi 

69 

13 

C 6 H 5 Na 

39 

3.5 

C 6 IT 5 Cal 

45 


C 6 HoK 

52 



Azobenzene reacts in three general ways with CeH 5 M compounds: 296 
reduction to aniline; less extensive reduction to hydrazobenzeue (reac- 
tion 1); and addition to give triphenylhydrazmc (reaction 2). 

29 (a) Gilman and Kirby, ibid., 63, 2040 (1941). (b) Gilman anrl Bailie,/. Org. Chem., 
2 > 84 ( 1937 ). 
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C«H 6 N=NC«H 5 + 2C<H(M C 6 H 6 -N-N-C 6 H 6 + CslUCsIIs 

I I 

H H 

CeHsN=NCjH 6 + C S H 6 M C 0 H 5 -N N-Cells 

! H 


C 6 IIs 


(1) 

( 2 ) 


Table II lists the chief products obtained from azobenzene and some 
CgHsM compounds. 

TABLE II 


RM 

Product 

(C 6 H ft ) 2 Zn 

Aniline 

C 6 H 5 MnI 

Aniline 

(C 6 H 5 ) 2 Be 

Hydrazobenzene 

CeHsMfiBr 

Hydrazobenzene 

C 6 H 5 Li 

Hydrazobenzene 

CeHoNa 

Hydrazobenzene 

CsHsCal 

Triphenylhydrazine 

C 6 H 5 K 

Triphenylhydrazine 


Mention has been made of the participation of all three components 
of a Grignard mixture (RMgX, K 2 Mg, and MgX 2 ) in the reaction with 
alkyl sulfonates. Another illustration of a side reaction of magnesium 
halide is the ring contraction observed with some ali cyclic oxides. 

Ethylene oxide is a useful reagent for introducing the /3-hydroxy- 
ethyl group. 

CHk Cil 2 OMgBr 

| >0 + CsHfcMgBr | -> C 6 H 5 CHiCIIiOH 

CB i / CII 2 C c H & 

However, anomalous reactions take place in the reaction with some 
alicyclic oxides. Thus, the alcohol obtained from cyclohcxcne oxide 
and methylmagnesium iodide was supposed to be m-2-methylcyclo- 
hexanol 



until it was shown to be unlike the two isomeric 2-cyclohexanols sub- 
sequently prepared by the reduction of o-cresol. The anomalous 
Crignard reaction found an explanation in the observations that RMg> 
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compounds react with oxides and chlorohydrins of the cycloparaffin 
series to give ring contraction. 30 " The supposed cfs-2-methylcydo- 
bexanol was in reality methylcyclopentylcarbinol, which results from 
the following sequential reactions: 



The primary product of reaction between cyclohexenc oxide and a 
Gri guard reagent is the halohydrin derivative, which gives the smaller 
ring when st rongly heated, t'yelopcntanealdehyde is actually obtained 
by heating cyclohexenc oxide with magnesium bromide in dry ether. 306 

On such a basis one might expect the halogen-free organomagnesium 
compound to add “normally” to cyclohexene oxide. The expectation 
is correct, for dimethylmagnesium and diethylmagnesium give 2- 
methylcyciohexanol and 2-ethylcyciohexanol, respectively . soc 

However, the problem is not simple, and the absence of magnesium 
halide is no necessary condition for the avoidance of ring contraction. 
For example, cyclohexene oxide and bcnzylmagnesium chloride give 
2-bcnisylcycIohcxanol. S0J This somewhat unexpected result cannot 

30 (a) Godehot and Oauquil, Compt. rend., 186 , 375, 955 (192S); Vavon and Mitcho- 
y itch, ibid., 186 , 702 (1928). (b) Bedos, ibid., 189, 255 (1929) ; Tiffeneau, Bull. wc. chim 
3. 1942 (1930). (c) Bartlett and Berry, J. Am. Client. Soc., 56 , 2683 (1934) ; Norton and 
Basa, ibid., 58, 2147 (1930) ; Tuttle and Powell, ibid., 58 , 22G7 (1936). id) Cook, Hewett, 
a nd Lawronee, J. Chan. Foe., 71 (1930). l'or other reactions of oxides and RM compounds, 
sec Wooster, ttegool, and Allan, J. Am. Chan. Hoc., 60 , 1666 (1938), and Huston and 
j . Org. Chew., 6 , 123 (1941). (<■) Dean and Wolf, J. .4m. Chcm. Soc., 58 , 332 (1936), 
(/J Coleman and Hauser, ibid., 50 , 1193 (1928); Coleman and Blomquist, ibid., 63, 1092 
(1941). 
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be attributed to the position of equilibrium with this Grignard reagent 
inasmuch as solutions of phenylmagnesium bromide, benzylmagnesium 
chloride, and jS-phenylethylmagnesium bromide have about the same 
percentage of R 2 Mg compound (75.8 per cent, 73.4 per cent, and 76.0 
per cent, respectively) whereas only benzylmagnesium chloride gives 
the non-contracted cyclic product. A possible explanation is that 
dibe n zv Imagnesium is more reactive than benzylmagnesium chloride 
and magnesium chloride towards cyclohexene oxide, the Grignard 
equilibrium thus being disturbed by conversion of tho less active 
C 6 H 5 CH 2 MgCl to (C 6 H fi CH 2 ) 2 Mg. In support of this interpretation 
is the fact that phenyllithium and phenylcalcium iodide, which are 
more reactive generally than the corresponding phcnylmagnesium 
halides, do not give ring contraction with cyclohexene oxide. 

Incidentally, these several experiments illustrate some risks involved 
in making sweeping generalizations on the basis of a single organ o- 
metallic compound or a small number of organometallic compounds. 
First, although benzylmagnesium chloride gives no ring contraction 
with cyclohexene oxide, there is ring contraction with the related halo- 
hydrin (2-chloroey elohexanol) . In this latter respect, therefore, benzyl- 
magnesium chloride is like the other RMgX compounds examined. 
Second, chloral reacts with alkyl and aryl Grignard reagents, including 
benzylmagnesium chloride, to give secondary alcohols. 

CCUCHO + C 6 H B CHo3IgCl CC1 8 CH(0H)CH2C 6 H 5 

However, other related phenyl-substituted alky Imagnesium halides 
like /3-phenyletliy Imagnesium bromide, y-phenylpropy Imagnesium bro- 
mide, and 5-phcnylbuty Imagnesium bromide reduce chloral to tri- 
chloroethanol. 30 * Third, even some Grignard reagents having the 
same R group, but unlike halogens, react at significantly different rates 
with some compounds. 307 

Reaction Mechanisms. Grignard reagents arc polar compounds, 
and it is to be expected that the more satisfactory interpretations of their 
reaction mechanisms will be found to involve electronic concepts. 
Significant advances in this direction have been made with the chelation 
principles discussed elsewhere (p. 1879). 

Gross interpretations of reaction mechanisms arc of particular 
interest with polyfunctional compounds. The reaction between diphenyl- 
ketene and phenylmagnesium bromide yields triphcnylvinyl alcohol. 
The formation of this compound, however, throws no light on the 
mechanism of reaction, for the addition of phenylmagnesium bromide 
either to the carbonyl linkage or to the olcfinic linkage would account 
for the product. 
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(C 6 H*) 2 C=C=0+C 6 H 6 MgBr -♦ (C fl II 6 ) 2 C=C-OMgBr H0H (C 6 H 6 ) 2 C=C-OH 

CelU Rearr. IJ, CsH 6 

(C 6 IU) 2 C=C=0+C # Tl 8 MgBr -> (Cell^C-- C=0 H0H (C«II 5 ) S C- C=0 
BrflllgiiH* > H C B 1I 5 


In a sense this was an impossible reaction when it was first carried out 
inasmuch as all reactions of kctencs were then explained on the basis of 
initial addition to the ethylcnic linkage/ 1 ® and Grignard reagents do not 
add to an ethylenic linkage. 

One way of establishing the mode of addition is to prove the struc- 
ture of the intermediately formed magnesium compound prior to 
hydrolysis and the attendant possibility of rearrangement. This 
was done 316 by treating the mixture with benzoyl chloride in order to tag 
or label the position of the — MgBr group. If addition takes place at the 
carbonyl group, the benzoate of tri phenyl vinyl alcohol should form. 

(C 6 H 6 ) 2 C=C-OMgBr + C 6 H B C0C1 (C 6 II*) 2 C=C-0-CC«H 5 

I -> I II 

Cells CeHs 0 


If, however, addition occurs at the ethylenic linkage, the product should 
be diphenyldibenzoylmcthanc. 


(C 6 H 5 ) 2 


(C 6 H 5 ) 2 C-C=0 + CeHsCOCl 

I I 

BrMg CeHs 


0=0 C^Hs 

I 

Cells 


The product actually obtained was the benzoate of triphenylvinyl 
alcohol, thereby proving addition of the Grignard reagent to the car- 
bonyl linkage. 316 

This method of establishing whether MgX is attached to carbon or to 
oxygen (or another element) is one which has been used extensively, 
and with particular success by Kohler and co-workers in their elegant 
work on the reaction of Grignard reagents with conjugated and other 
unsaturated systems (p. 673). Interestingly enough, Kohler in studies 
on the cnolizing action of Grignard reagents has shown that the struc- 
ture of some of the intermediate — MgX compounds cannot be un- 
ambiguously labeled in the manner set forth. That is, an — OMgX 
linkage may react with a labeling reagent to give a product which 
appears to show that the intermediate linkage was — CMgX. Such 

31 (a) Stand inger, Ann., 356, 122 (1907). (ft) Gilman and Heckcrt, J. Am. Chem. Sac., 
^2) 1010 (1920). (c) Kohler, Tishler, and Potter, ibid., 57, 2517 (1935). Fugon, Fugate, 
ail d Fisher, ibid., 61, 2302 (1939). (<7) Gilman and Jones, ibid., 63, 1102 (1941). 
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— OMgX compounds will add to benzaldehyde, for example, exactly as 
simple Grignard reagents which have the — CMgX linkage. 310 The 
situation is much like that of sodium aeetoacetic ester which has an 
— ONa linkage and yet undergoes alkylation to yield Oalkylated 
derivatives. In short, it is sometimes impossible to establish, by 
labeling-replacement reactions, the element to which the — MgX group 
is attached. Actually, the intermediate magnesium compounds arc, 
like the Grignard reagent, ionized. The magnesium or — MgX group 
need not he attached to either oxygen or carbon, and the nature of the 
organic ion determines whether one gets essentially an — OMgX or a 
— CMgX replacement product. 

There is a possibility that the — OM and — CM forms may be co- 
existent. For example, the metallic derivatives of aeetomesitylene may 
be the following. 31 4 


2,4,G-(CH 5 ) 3 CeH 2 C=CH 2 


OM 


2,4,G-(CII 3 ) 3 C 6 H 2 CCH 2 M 

I! 

6 


It is now known that under some conditions a reactive C — M group may 
be present in a molecule containing also an otherwise reactive functional 
group (p. 538). 

Rearrangement Reactions. It is not uncommon for Grignard 
reagents and Grignard reactions to show rearrangements. A simple 
illustration is the raeemization that takes place when a Grignard 
reagent is formed from an optically active halide. 32 ® So-called abnormal 
products are most frequently encountered in reactions of Grignard 
reagents derived from ally lie systems like those in benzylmagnesium 
halides and crotylmagnesium halides (CH a CH=CHCH 2 MgX). “Ab- 
normal products” are not always formed, and the kind and extent of 
rearrangement vary markedly with the nature of the, reactant. Some 
typical rearrangement reactions and their mechanisms arc considered 
elsewhere (pp. 1009-1012, and 1879). The allylic rearrangement 
reactions are not peculiar to Grignard reagents but are shown by a great 
variety of organomctallic types. 326 They have been most closely 
examined in Grignard reactions, however. 

32 (a) Schwartz and Johnson, J. Am. the. m. Sac., 63, 1066 (1931) ; Pickard and Kenyon, 
J. Chcm. Soc„ 99, 65 (1911; ; Porter, J. Am. them. <Soc., 57, 1430 (1935) ; Marker, Oakwood, 
and Crooks, ibid., 58, 481 (1936; ; Berginann and Bondi, ibid., 58, 1814 (1936) ; Wallis and 
Adams, VAd. t 65, 3838 (1933). For a related study of the action of lithium on an optically 
active chloride, see Tarbell and Weiss, ibid., 61, 1203 (1939). (b) Gilman and Nelson, 
ibid., 61, 741 (1939;. (c; For some orienting references see Gilman and Harris, ibid., 53, 
3541 (1931; ; Gilman and Kirby, ibid., 54, 345 (1932) ; Austin and Johnson, ibid-, 54, 647 
(1932); Jacobs, Cramer, and Weiss, ibid., 62, 1849 (1940); Campbell, Anderson, an 
Gilmore, J. Chem. Sac., 819 (1940;. (d) Young and co-workcrs, J. Am. them. Sac., 
289, 441 (1936; ; 60, 900 (1938). 
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The so-called allylic rearrangements may not be true rearrangements. 
It was suggested some time ago that the anomalous reactions may 
actually be due in some cases to the co-existencc of two structurally 
isomeric RM compounds . 826 Recent studies have lent experimental 
support to this interpretation. 32 ^ 

Constitution. Grignard reagents are almost always prepared in an 
ether, and only rarely in a tertiary amine. The reagent forms a co- 
ordination compound with such solvents. Inasmuch as a coordinating 
solvent or any solvent is not necessary for the preparation of Grignard 
reagents it is permissible to confine attention to the solvent-free com- 
plex. Jolibois 330 first suggested that the Grignard reagents should be 
designated as R 2 Mg*MgX 2 and not as RMgX. Then evidence 336 was 
presented for the following equilibrium 

2RMgX ^ R 2 Mg + MgX 2 

which has also found support in a scries of electrolysis studies. Dioxane 
precipitates RMgX and magnesium halide from ether solutions, leaving 
the R 2 Mg compound, a procedure which incidentally is useful for the 
preparation of R. 2 Mg comjxmnds. Also, dimcthylmagncsium can be 
distilled, under reduced pressure, from methylmagnesium chloride . 336 
Furthermore, a mixture of equivalent quantities of R 2 Mg and MgX 2 
behaves exactly like the corresponding Grignard reagent prepared from 
RX and magnesium. No reagent is known which will react with either 
RMgX or R 2 Mg and not with the other. Other than with alkyl sul- 
fonates, there are no differences in kind of reaction with the mixed and 
simple organoinagnesium compounds. Actually, therefore, in spite of 
good evidence for R 2 Mg there is no rigorous support for RMgX. In 
this connection, one of the equilibria proposed for Grignard reagents is 

R 2 iMg-MgX 2 R 2 Mg + MgXz 

where the dot represents some form of molecular complex . 33 * 1 Inasmuch 
as the Grignard reagents are ionized, the most significant point to empha- 
size is that RMgX compounds can ionize to [R]“, [MgX] + , [RMg] + , 
[X]' and [Mg] ++ . 

The percentage of R 2 Mg in a Grignard solution varies both with the 
R group and the halogen . 33 

13 (a) Jolibois, Compt. rend., 155, 353 (1912). (5) Schlenk and Schlenk, Ber., 62, 920 
(1929); Gilman and Fothcrgill, J. Am. Chem. Soc., 51, 3149 (1929). (c) Gilman and 

Brown, Hec. trav. chim . 48. 1133 (1929). ( d ) Noller, J. Am. Chem. Soc., 53, G35 (1931). 
(«) Schlenk, Jr., 'tier., 64, 734 (1931); Noller and Hilmer, J. Am. Chem. Soc., 54, 2503 
(!932) ; Johnson and Adkins, ibid., 54. 1943 (1932); Bartlett and Berry, ibid., 56, 2683 
(1934); Cope, ibid., 66, 1578 (1934); 57, 2238 (1935); Noller and Raney, ibid., 62, 1749 
(1940) ; Coleman and Biomcjuist, ibid., 63, 1092 (1941). (/) Gomberg and Bachmann, 
49, 23G, 2584 (1927). 
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Not only is there an equilibrium of the kind mentioned, but there 
may be the following equilibrium with triarylmethylmagnesium halides. 

(C 6 H,) 3 CMgX (C 6 H 6 ) 3 C + MgX 

The possibility of an MgX radical or ion suggests the Gomberg-Bach- 
mann magnesious halide equilibrium in those Grignard solutions con- 
taining free magncsium. 33/ 

MgX* + Mg 2MgX 


Altogether, therefore, a Grignard solution may be a complex equilibrium 
mixture, which, for ordinary purposes, can be simply designated as 
RMgX. 

Relative Reactivities. There are pronounced differences in the 
rates of reaction of Grignard reagents with a selected reactant, just as 
there are marked differences in the rates of reaction of a Grignard 
reagent with a series of reactants having unlike functional groups. The 
relative reactivities of some Grignard reagents have been determined 
in various ways. One procedure is to add a definite excess of reactant 
to the Grignard reagent and measure the time required to use up the 
RMgX compound, as evidenced by a negative color test with Michleris 
ketone . 340,6 The reactivities of some alkylmagnesium halides have been 
measured by the rate of evolution of gas when treated with an active 
hydrogen compound like indene. 34C The rates of reaction with an ester 
have been established by interrupting the reaction and determining the 
quantity of unused cstcr. 34<f Another procedure is to permit two dif- 
ferent Grignard reagents to compete for an insufficient quantity of 
benzophenone. 34 * 

Where comparisons can be made, the several series do not give 
v T holly concordant results. The series established by the reaction with 
benzonitrile 

RMgX + C 6 H 5 CN -* RCC 6 H 5 


34 (a) Gilman, Ileck, and St. John, Re.c. trav . chim., 49. 212 (1930). (b) Gilman, St. John, 
St. John, and Lioh ten waiter, ibid. , 55, 577, 588 (1936). (c) Ivanov, Compt. rend., 196, 491 
(1933) ; Bull. hoc. chirn., 51, 619 (1932). (d) Vavon, Barbier, and Thiebaut, ibid., 1, 800 
(1934). (e) Kharasch and Weinhouse, J. Org. Chem., 1, 209 (1936). (/) Kharasch, Rein- 
muth, and Mayo, J, Chem, Education, 13, 7 (1936) ; Kharasch, Pines, and Levine, J ■ Otg- 
Chem., 3, 347 (1938); Whitmore and Bernstein, J. Am. Chem. Soc., GO, 2626 (1938L (s) 
Gilman, Towne, and Jones, J. Am.. Chem. Soc., 55, 4689 (1933). ( k ) Kipping, J • ('hern- 
Soc., 2365 (1928); Bullard, J. Am. Chem. Soc., 51, 3065 (1929); 53, 3150 (1931). W 
Simons, ibid., 57, 1299 (1935). (;) Wooster and Mitchell, ibid., 52, 688 (1930). This last 
article directs attention to some apparent weaknesses of the acid-cleavage series, (k) j 
man and Towne, ibid., 61, 739 (1939). (1) Gilman and Moore, ibid., 62, 3206 (1940); 1 
man, Moore, and JoneB, ibid., 63, 2482 (1941). 
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is the most comprehensive so far examined. A part of the series follows, 
the numbers being average times in hours required for the complete 
reaction of RMgX with a definite excess of bcnzonitrilc. 346 


2,4,6-(CH3)3C6H2MgBr 

0.01 

n-CjHgMgBr 

4 57 

p-CH3C 6 H 4 M K Br 

0.10 

n-C^gMgl 

7. .50 

C*H & Mgl3r 

0.31 

scr.-C 4 H 9 MgBr 

11.05 

C 2 H 5 MgBr 

0.85 

^r/.-CJIgMgBr 

25.5 

n-C^MgCl 

7.35 

C 6 H 5 CH 2 MgCl 

1 GO 


CcH^C— CMgBr 

77.0 



The same order applies, of course, in competitive reactions. For example, 
when mesitylmagnesiuin bromide and phenylmagnosium bromide are 
allowed to compete for an insufficient quantity of benzonitrile the 
products are 92 per cent of benzoylmesitylenc and 4 per cent of benzo- 
phenonc; and in a competitive reaction using n-butylmagncsium bromide 
and phenylcthynylmagnesium bromide the only ketone isolated was 
n-valerophenone, n-C^jCOCfiHs. 34 * 

An inspection of the series reveals that the arylmagnesium halides 
arc set apart from the alkylmagnesium halides, and this suggests a 
possible correlation between the relative reactivities of Grignard rea- 
gents and the ease of cleavage by acids of other organomctallic com- 
pounds. When unsymmetrical organometallic compounds of mer- 
cury lead, 34 * tin, 34/1 and germanium 342 ' are cleaved by halogens and 
halogen acids there is a preferential replacement of some of the radicals. 

C 2 H 5 HgCeH* + I1C1 -> CWIgCl + Cdh 
(n,C 4H 9 ) 2 Pb(C 2 H 6 ) 2 + 2HC1 (fl-CA^PbC^ + 2C 2 H 6 

On the basis of the above two reactions it will be observed that the 
decreasing order of ease of cleavage of the three radicals is: Cells, 
C 2 H 5 , n- C 4 H 9 . The series obtained by cleavage of unsymmetrical 
mercurials is discussed on p. 1071, and there is a satisfactory agreement 
between this series and those obtained by cleavage of other organo- 
melallic compounds. 347 

On the basis of the following typical reaction, the 2-furyl radical 
appears to be cleaved more rapidly than any other nuclear radical so 
far examined in the cleavage of unsymmetrical oiganometallic com- 
pounds by hydrogen chloride. 34 

+ 2HC1 -> (p-CHaOCell^PbCh + 2CJI4O 

The general acid-clcavagc series is particularly useful, for it enables 
one to predict with some accuracy which radicals will be preferentially 
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cleaved by halogen acids, and cleavage by acids is one of the few common 
reactions of all RM compounds. However, there are definite and ex- 
pected limitations in applying any one cleavage series to other scries. 
The order or arrangement of radicals in a series depends not only on 
the nature of the radical, but also on the so-called cleavage agent, as 
well as on the central metallic element. 34 * For example, the rates of 
cleavage of radicals in unsymmetrieal organolead compounds by sodium 
in liquid ammonia are quite unlike the rates of cleavage of such com- 
pounds by hydrogen chloride in benzene or chloroform. 


Periodic Arrangement op Elements 


Group 

Family 

I 

[A1 [B1 

II 

[A] IB1 

III 

IA] [B] 

IV 

[A] [B] 

V 

[A] [B] 

VI 

[A] IB1 

VII i 
[A] [B] 1 

1 

VIII 


Li 

Be 

B 

C 

N 

0 

F 


Na 

Mg 

A1 

Si 

P 

s 

Cl 



K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe Co Ni 


Cu 

i Zn 

1 

Ga 

Ge 

j 1 

As 

Se 1 

Br 



Rb 

i Sr 

Y 

i Zr 

Cb 

Mo 

Ma 

Ru Rh Pd 


Ag 

Cd 

In 

! 

Sn 

Sb 

Tc 

I 



Cs 

Ba 

> La 

Hf 

Ta ! 

W 

Re 

Os Ir Pt 


Au 

Hg 

T1 

Pb | 

Bil 

Po 

85 



87 

Ra 

Ac 

Th 

Pa ! 

1 



RELATIVE REACTIVITIES OF ORGANOMETALLIC COMPOUNDS 

Inasmuch as organometallic compounds differ generally in degree or 
rate of reaction rather than in kind of reaction it is desirable to formulate 
at this place some broad generalizations concerning relative reac- 
tivities . 36 The expression “relative reactivities” is not intended to 
include two highly obvious properties of some RM compounds: namely, 
thermal instability and spontaneous inflammability. The highly un- 
stable organosilver and organogold (RAu) compounds are of a rela- 
tively low order of so-called typical chemical reactivity, and ethyl- 
potassium which starts to decompose at room temperature is extremely 
reactive. Trimcthylboron and trimethyibismuth are spontaneously 
inflammable but not particularly reactive otherwise, whereas the 
methylalkali compounds like methylsodium are spontaneously inflam- 


35 Gilman and Nelson, Rcc. trav, chin ., 55, 518 (1936). 
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able and also highly reactive generally. There appear, at this time, to 

no correlations of thermal instability, spontaneous inflammability, 
id other chemical transformations. The illustrations just given are 

RM compounds which arc cither highly reactive or of a relatively 
w order of reactivity. Organomanganese compounds are of moderate 
activity, but they are not only thermally unstable but also spon- 
ncously inflammable. 

A typical criterion of relative reactivity is addition to the carbonyl 
lkage. This reaction is shown not only by the thermally unstable 
■ganocopper and organosilver compounds, but also by the spon- 
.neously inflammable organobery Ilium and organoboron compounds 
; well as by the relatively unreactive organomercury and organolead 
impounds. The ten rules which follow arc based generally on relative 
activities established by addition reactions to functional groups like 
le carbonyl and ej'ano. 

First, the organ ometallic compounds in the A-families of the first 
iree groups of the periodic table increase in reactivity with increasing 
;omic weight or atomic number. For example, in Group I, the order 
' increasing activity is: Li, Xa, K, Rb, Cs. On this basis, when organo- 
etallic compounds will have been made of Element 87 it is to be 
cpected that they will be the most reactive organometallic compounds. 
i Group II, the order of increasing activity appears to be: Be, Mg, 
a, Sr, Ba, Ra. Very little is known of organostrontium, organobarium, 
id organoradium compounds. In the. A-family of Group III, the only 
■gan ometallic compounds so far compared are those of boron and 
umimim, and here the order of increasing reactivity is: B, Al. 

The differences in reactivity arc by no means regular, either in a 
'looted group or when the members of one group are compared with 
ie corresponding members of an adjacent group. For example, 
iganosodium compounds are distinctly more reactive than organo- 
thium compounds, but organ opotassium compounds appear to be 
nly slightly more reactive than organosodium compounds. Also, 
rganomagnesium compounds are only slightly more reactive than 
rganoberyllium compounds, whereas organocalcium compounds are 
ecidedly more reactive than organomagnesium compounds. That is, in 
houp I the difference between the first and second organometallic 
1W is greater than that between the second and third; but in Group II 
ae difference between the first two types is less than that between the 
-cond and third. 

Second, the organometallic compounds in the B-familics of the first 
hree groups generally decrease in reactivity with increasing atomic 
.‘eight. For example, in Group I, the order of decreasing activity is: 
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Cu, Ag, Au; and in Group II: Zn, Cd, Hg. In Group III, however, the 
order of decreasing reactivity is: In, Ga, Tl. 

Third, in the A-families of the first three groups, the organomctallic 
compounds of one of the families of a selected group arc more reactive 
than the corresponding organomctallic compounds in the next higher 
group of that period. For example, the order of decreasing activity 
of the first members of the A-families of Groups 1, II, and III is: Li, Be, 
B. In the next period, the order of decreasing activity is: Na, Mg, Al. 
Then we have the order: Iv, Ca, the organoeom pounds of Sc being as 
yet of unknown reactivity. Actually, the first element in an A-familv 
of the first three groups gives an organomctallic compound which is 
not only more reactive than that of the corresponding type in the next 
group, but also more reactive than the organometallic compounds 
derived from the second metal in the A-family of the next higher group. 
For example, organolithium compounds exceed organoberyllium and 
*)rganomagnesium compounds in reactivity. Likewise, organoberyllium 
compounds are more reactive than organoboron and organoaluminum 
compounds. 

Fourth, the least reactive organometallic compound derived from 
a metal of the A-family of one of the first three groups is more reactive 
than the most reactive organomctallic compound containing a metal 
of the B-family of the same group. For example, organolithium 
compounds are more reactive than the corresponding organocopper 
compounds; and organoberyllium compounds are more reactive than the 
corresponding organozinc compounds. 

Fifth, in the first three groups, an organometallic compound derived 
from a metal of the B-family is less reactive than the organometallic 
compound of a metal from the A-family of the next higher group. For 
example, organocopper compounds (B-family of Group I) are less 
reactive than organoberyllium compounds (A-family of Group II) ; and 
organozinc compounds (B-family of Group II) are less reactive than 
organoboron compounds (A-family of Group III). 

The organometallic compounds of Group IV may be considered 
transitional between those of the three groups which precede and those 
of the three groups which follow Group IV. Actually, generalizations 
on the relative reactivities of organometallic compounds of Groups V, 
VI, and VII are essentially in versed counterparts of the generalizations 
concerned with Groups I, II, and III. These somewhat symmetrical 
formulations, if Group IV is pictured to form a sort of plane of sym- 
metry, find an added emphasis in the A- and B-families of Group IV. 
The two families in Group IV appear to be less different than the two 
families in any other group. It must be admitted, however, that the 
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generalizations on organometallic compounds of Groups V, VI, and VII 
arc less secure than those concerning Groups I, IT, and III, for the 
simple reason that less is known of organometallic compounds in 
Groups V, VI, and VII. 

Sixth, the organometallic compounds in the A-families of Groups IV, 
V, VI, and VII decrease in reactivity with increase in atomic weight 
of the metal. For example, in Group VII organ omanganese compounds 
are distinctly more reactive than organorhenium compounds. This 
generalization is almost pure hypothesis because practically nothing is 
known of organometallic compounds of the A-families of Groups IV 
and V. 

Seventh, the organometallic (or organomelalloidal, or in some cases, 
merely the organic) compounds in the B-families of Groups IV, V, VI, 
and VII increase in reactivity with increase in atomic weight of the 
element. For example, in Group IV the order of increasing activity is: 
Ge, Sn, Fb; and in Group V the order is: As, Sb, Bi. Nothing is known 
of organopolonium compounds in Group VI, but the order of increasing 
reactivity of organic compounds of the other elements in this group, 
as evidenced by general chemical lability of the R groups, is: 0, S, Se, Te. 
In Group VII the order of increasing activity is: F, Cl, Br, 1. It will 
be recalled that some ascribe metallic characteristics to iodine. 

Eighth, in Groups V, VI, and VII, the organometallic compounds 
of the A-family elements of a group are less reactive than the corre- 
sponding organometallic compounds of the next higher group of that 
period. For example, the order of increasing activity of the first mem- 
bers of the A-families in Groups V, VI, and VII is: V, Cr, Mn. 

Ninth, the very meager information on organometallic compounds 
of the Fe to Pt series (Group VIII) may warrant the guess that these 
nine metals will form a series of organometallic compounds the reactivi- 
ties of which will be patterned somewhat, after the formulations proposed 
for the nine metals which comprise the B-families of the first three 
groups. 

Tenth, an unsymmctrical organometallic compound of the type 
PAIR/ is more reactive than the symmetrical compound RMR, where 
M is the same metal. For example, (CcIIs^Pb^bHs^ is more reactive 
than either (C 6 H.,) 4 Pb or (C 2 H 5 ) 4 Pb. 

No reasonable formulation is possible at this time on the relative 
reactivities of "mixed” organometallic compounds (RMX) and "simple” 
PAIR compounds. For example, RMgX compounds appear to be 
generally more reactive than R 2 Mg compounds. However, R 2 A1X and 
PAlXo compounds may be more or less reactive than RrAI compounds, 
depending on the reactant selected for establishing relative reactivities. 
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Also, insufficient evidence is available to warrant generalizations on 
the relative reactivities of a series of organometallic compounds where 
the selected metal may have different valences: for example, R 2 Pb, R 3 Pb, 
R 4 Pb. By reactivity in such compounds is not meant the tendency 
to add elements or groups to give a higher-valenced organometallic 
compound but rather the tendency of any R, group to become detached 
from the metal and combine with some other element or group, par- 
ticularly the carbonyl group. 

Inasmuch as the reactivities of organometallic compounds are 
influenced not only by the metal but also by the R group, it is to be 
expected that the ten generalizations owe whatever validity they may 
have to comparisons made with the same R group or R groups of equal 
effect. The rules may be inverted in some cases by a proper variation of 
R groups. For example, dimethylbcryllium is less reactive than 
dimethylmagncsium, but dimethylberyllium is more reactive than 
diphenylethynylmagnesium [(CVHsC^QsMg] . 

Broadly speaking, the relative reactivities of metallic hydrides and 
carbides agree with the formulations proposed for the relative reactivi- 
ties of organometallic compounds. 


GROUP I. A-FAMILY 

[Li, Na, K, Rb, Cs] . 

The simpler organoalkali compounds arc best prepared by the 
action of an alkali metal on the R 2 Hg 36 or R 2 Zn compound . 37 

(CII 3 )oIIg + 2Xa ^ CH 3 Na + Xa(Hg) 

The organolithium compounds are exceptions, for these are obtained 
satisfactorily by procedures like those used for the preparation of 
Grignard reagents . 33 Actually, the RLi and RMgX compounds 
admirably supplement each other; some RX compounds which form 
Grignard reagents with ease do not form any significant quantity of 
organolithium compound, using the simplified technique for the 
preparation of RMgX compounds, whereas some halides which react, 
very sluggishly with magnesium enter into prompt reaction with lithium 
to give excellent yields of RLi compounds. A case in point is the 

36 Schlenk and co-workers, Ann., 463, 1 (1928); 464, 1 (1928). 

37 Wanklyn, Ann., 107, 125 (1858) ; 140, 211 (1800) ; Grosse, &tr. f 59, 2040 (1920). 
“Ziegler and Colonius, Ann., 479, 13.5 (1930); Gilman, Zoeliner, and Selby, 

Chem. Soc., 54, 1057 (1032); 55, 1252 (1033); Gilman, I.angham, and Moore, 62. 
2327 (1940); Muller and Tupel, Her., 72, 273 (1939). 
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preparation of p-dimethylaminophenyllithium in 95 per cent yield in 
ether solution by the following reaction. 

p-(CH 3 ) 2 NC 6 H 4 Br + 2Li -> p-(CH,) 2 NC«H 4 Li + LiBr 

It is possible to differentiate between a Grignard reagent and the 
corresponding RLi compound, and also between an alkyllithium com- 
pound and an aryllithium compound, by reactions designated as color 
test 11. 8 6 This test is based on the following prompt halogen-metal 
witcrconversion reaction which is shown by alkyllithium compounds 
but not by aryllithium compounds or RMgX compounds. 

n-C 4 H 8 Li + p-(CH 3 ),XC 6 H 4 Br-> p-(CH 3 ) 2 NC 6 HJJ + a-CJLBr 

The p-dimethylaminophenyllithium that results reacts with benzo- 
phenone to give a carbinol which on acidification turns red. 

The organoalkali compounds have been roughly divided into three 
classes: 39 (I) The very highly reactive, colorless, simple alkyl M and 
aryl M types which are highly polar and insoluble in organic solvents. 
(II) The colored RM types which have the metal attached to a carbon 
in direct union with aromatic rings or a system of multiple bonds. 

C 6 H 5 CH 2 Na (C 6 H 5 ) 3 CLi [(CH 3 ) 3 CC=C] 3 CK 

These, like the RM compounds of class I, arc electrolytic conductors 
in many organic solvents, particularly in diethylzino which itself is 
non-conducting. (Ill) Numerous organolithium compounds which are 
colorless, liquids or fusible solids, soluble in organic solvents, poor 
conductors, and generally only slightly polar. 

As a group, the organoalkali compounds are the most reactive 
types, and the order of increasing reactivity is: RLi, RNa, RK, RRb, 
and RCs. This order has been established in several ways and par- 
ticularly by the reaction rates of the phcnylethynylalkali compounds, 
C 6 H 5 C=CM, with an excess of benzonitrile, using the color test to 
determine when the RM compound was used up. 10 Benzonitrile was 
used because it contains a functional group which reacts slowly with 
organomctallic compounds; and the phenylcthynyl radical was selected 
because it gives a relatively unreact ivc organometallie compound when 
attached to any metal. An approximate idea of the relative reactivities 
follows; the times are in hours, and phenylcthynylmagnesium bromide 
ls included for comparative purposes. 


C 6 H 6 C-CMgBr 

86 

CeH ft feCK 

4.4 

CeHsfeCbi 

60 

CeHifeCRb 

3.9 

C 6 lI 5 C=CNa 

6.8 

C 6 HbC=CCs 

2 9 


59 Ziegler, Crossmann, Kleiner, and Schafer, 473, 1 (1929). 
40 Gilman and Young, J . Org . Chcm., 1, 315 (1936). 
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In a broad sense, the organoalkali compounds show all the reactions 
of Grignard reagents. They differ, however, from RMgX and many 
other RM compounds in one important respect: they undergo addition 
to an olefinie linkage. Such addition is not peculiar to organoalkali 
compounds inasmuch as the highly reactive organocalcium compounds 
will likewise undergo such addition, but at a slower rate. It is most 
probable that the organic compounds of barium, strontium, and radium 
will be found to add to an olefinie linkage, for, if one may draw con- 
clusions from present knowledge as well as from reasonable postulates, 
these together with the calcium compounds form a series that is more 
reactive than the RMgX type. 

The first observed addition to an olefinie group W’as that of phenyl- 
isopropylpotassium to 1,2-diphenylethylene. 41 

(C 6 H fi )(CH 3 ) 2 CK + CsIUClI^CIlCslI* C«H 5 CHCHC 6 H 5 

I I 

(CeH 6 )(CH 3 ),C K 

In general, the most reactive organoalkali compounds of class I add 
readily; in class II those organoalkali compounds having more than 
one aromatic nucleus or unsaturated group attached to the carbon 
holding the metal add slowly or not at all or give rise to secondary 
reactions; and those in class HI, like the alkyllithium compounds, add 
more slowly. Whether addition takes place or not depends, obviously, 
both on the RM compound and on the olefinie linkage. The unsaturated 
carbons of the olefinie linkage must, as a rule, be directly linked with 
an aromatic cycle or other unsaturated system, and the possibility of 
addition as w r cll as of other reactions like substitution is influenced by 
Loth the number and kind of radicals. The following are some illustra- 
tions with phenylisopropylpotassium (RK). 

(C 6 H 5 ) 2 C=CH 2 Addition to give (C c Hr,) 2 C— CH 2 

I I 

K R 

(C 6 H 5 ) 2 C=CHC G H* No reaction 

C6bUCH=CHCH3 Addition to give C6H5CHCIICH3 

I I 

K R 

(C 6 H 5 ) 2 C=CHCII 3 Substitution to give (CuH 5 )2C=CHCH 2 K 

Addition reactions of organoalkali compounds to an olefinie linkage 
are intimately associated with other transformations, particularly the 
addition of alkali metals to olefinie linkages, the polymerization of 
unsaturated hydrocarbons by alkali metals and organoalkali com- 

41 Ziegler and Bahr, Ber., 61, 253 (1928;. 
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pounds, and hydrogenation by means of alkali metals and their amal- 
gams. 

Two types of addition of alkali metals take place. One is a simple 
1,2-addition, 

(C 6 H 5 ) 2 C=C(C 6 H 6 ) 2 + 2Na (C c H & ) 2 C C(C 6 H 6 ) 2 

I I 

Xa Xa 

and the other has been termed a dimerizing addition, 

(O c H 5 ) 2 C=CH 2 + 2Na + H 2 C=C(C 6 H 5 ) 2 (C 6 H 5 ) 2 CCII 2 CII 2 C(C 6 H 6 ) 2 

Na Na 


The dimerized addition products show the general reactions of Grig- 
nard reagents. However, the 1,2-addition products show few RMgX 
reactions; instead, they tern! to regenerate the olefinic linkage. 


(CJhhC C{C 6 H,)2- 

I 


Na Na 



> 

2CIIjI ^ 


c 6 h 5 coci 
» 


■> Na 2 0 2 -|- — 

-> 2NaI*fC 2 Il6+ “ 


■> CetUCOCOCJU-f— 


(C«H&) 2 C=C(C 6 Hi) 2 


Water and carbon dioxide are among the small number of reagents 
which do not regenerate the double bond but react as with RMgX 
compounds. 


n 8 o 

> 


(C«ii 5 ) 2 c — C(C 6 n 5 ) 2 — 

i i 

Na Na 




co 2 


(C 6 H 5 ) 2 C— C(C 6 II.) 2 


H H 


(0 6 H B ) 2 C-G(C6H5)2 

i i 

UOjC co 2 h 


It is interesting to observe that the olefinic linkage in tetraphenyl- 
ethylcne, which is relatively unreactive to some addition reagents 
(particularly bromine, which does not add), undergoes prompt addition 
of sodium. Furthermore, the addition of sodium may be peculiar to 
this alkali metal, for under corresponding conditions lithium does not 
add. This may not be surprising in view of the lesser general reactivity 
of lithium. However, it is surprising that under the same conditions 
potassium likewise does not add. The dipotassium compound does 
form if sodium-potassium alloy be used, and this may be due to the 
initial addition of sodium followed by replacement by potassium in 
accordance with the general rule that the more reactive RM compound 
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results from reaction of the less reactive organometallic compound 
with a metal that can form a more reactive organometallic compound, 

RMgX + Li -> RLi 
RLi + K -> RK 

The absence of smooth addition with rubidium and cesium may be due 
in part to the relatively tremendous atomic volumes of these metals. 
However, a dirubidium compound results when sodium-rubidium alloy 
is used. Again, there may be preliminary addition of sodium followed 
by replacement of the sodium by rubidium. 40 Such a reaction would 
conform with the generalization that where steric factors are involved 
replacement reactions arc less hindered than addition reactions. 

Olefins like styrene, 1-phenylbutadiene, butadiene, and isoprene are 
polymerized by sodium powder, the last two compounds giving sodium 
rubbers. The action of sodium on isoprene in liquid ammonia involves 
the preliminary 1,1-addition of sodium followed by hydrolysis to give 
2-methylbutene-2. 42 

CII 2 ==C(CII 3 )CH=CII 2 + 2Na -* CH 2 C(CH 3 )=CHCH 2 

I i 

Na Na 

- 2N -— > CH 3 C(CH,)=CHCH, + 2NaNH, 

Inasmuch as alkali metals add to an olefinic linkage to give an organo- 
alkali compound, and since organoalkali compounds add to olefins to 
give more complex organoalkali compounds, it is understandable how a 
small quantity of alkali metal or organoalkali compound might convert 
many olefin molecules to large molecules or polymers. 41,43 

rch=ch 2 + mi -> rciich 2 r' 

M 

RCII=CH 2 + RCHCHsR' -> RCHCH 2 CHKCH 2 R / 

I I 

M M 

RCII=CH 2 + RCHCHjCIIRCHjR' -+ RCHCH 2 CHRCH 2 CHRCH 2 R' 

I i 

M M 

The previously mentioned organoalkali compounds which do not add 
to an olefinic linkage do not effect polymerization. With conjugated 

42 Midgley and Henne, J. Am. Chcm. Soc., 51 , 1293 (1929), 

43 Schlenk, Appenrodt, Michael, and Thai, Her., 47, 473 (1914); Ziegler and 
Ann., 473, 57 (1929); Bergmann and co-workers, Ann., 480, 49, 59 (1930); Bit., 64, 1 
(1931) ; Ziegler, Grimm, and Wilier, Ann., 542 , 90 (1939). 
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systems like those present in butadiene and isoprene the polymeriza- 
tion probably involves 1, 4-addition. 

The reduction of some olefinic linkages by sodium-amalgam and 
water probably involves the preliminary addition of sodium, followed 
by hydrolysis of the resulting organosodium compound. 44 

RCH=CH 2 + Na(Hg) -► RClICHs — °-> RCH 2 CH, 

I I 

Na Na 

It is interesting to note that those hydrocarbons which are reduced by 
sodium in liquid ammonia add alkali metals or organoalkali compounds, 
and those which are not reduced do not undergo such addition. 46 More 
particularly, in the reduction of naphthalene by sodium in liquid 
ammonia to give tetrahydronaphthalenc, there is not only the red color 
characteristic of the organoalkali compound but also the quantitative 
evidence that only four atoms of sodium react with each molecule of 
naphthalene, essentially irrespective of the quantity of excess metal 
present and the elapsed time of reaction. 46 

CioHg + 4Xa -v CioHsNa., 

C 10 H 8 Xa 4 + 4NII 3 -> C 10 H 1 * + 4XaXH* 

These observations are not consistent with the alternative reduction by 
nascent hydrogen derived from sodium and ammonia. 

Liquid ammonia is an excellent and convenient solvent for many 
reactions involving the alkali metals. There are, however, two notable 
differences between reactions in liquid ammonia and reactions in other 
media: (1) the highly concentrated solutions of alkali metals in liquid 
ammonia tend to give more extensive reactions; and (2) more side reac- 
tions occur in liquid ammonia due to participation of the solvent, as in 
ammonolysis and the formation of amines when halides are used. 47 

Some substituted ammonium compounds are analogous to organo- 
alkali compounds. 48 For example, triphenylmethyltetrainethylam- 

44 Will stilt ter and Waldschmidt-Leitz, Ber., 54, 113 (1921). 

45 Leheau and co-workers, Compt. rend., 157, 223 (1913); 158. 1514 (1914); 159, 70 
(1914). 

4fi Wooster and co-'workers, /. Am. (View. Soc., 53, 179 (1931); 59, 59G (1937). l or 
recent studies on the addition of alkali metals to olefinic linkages see the following; Oappel 
and Pernelius, J. Org. Chem .. 5, 40 (1940); Wright, J. Am. Chew. Soc., 61, 2100 (1939); 
■leaneg and Adams, ibid., 59, 2G0S (1937); Scott, Walker, and Hansley, ibid.. 5S, 2442 
(1930); Huckel and Bretschneider, Ann., 540, 157 (1939); and see Pernelius and Watt, 
C7tem . Rev., 20, 195 (1937), for a review of solutions of metals in liquid ammonia. 

43 Wooster and Ryan, J. Am. Chem . Soc., 56, 1133 (1934). 

4<i Schlenk and Holtz, Bcr ., 49, 003 (191G) ; Bit., 50, 2G2, 274 (1917). 
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monium, (C 6 H 5 ) 3 CN(CH 3 ) 4 , and benzyltetramethylammonium are 
colored, polar compounds which exhibit some typical reactions of the 
corresponding organoalkali compounds. 

hoh _ 

: > (C 6 H 5 ) 3 CH 4 (CH 3 ) 4 NOH 

(C 6 H 6 ) 3 CX(CH,) 4 — 

► (C 6 1Ij),CC 0 2 H [or (C,1 Is)jCCOsN(CH s )4] 

Attempts were made to prepare ammonium compounds having five 
closely related alkyl groups attached to nitrogen. 49 No pentaalkyl 
ammonium compound was obtained, and the tertiary amines isolated 
never contained an R group which was not initially present in the 
quaternary ammonium salt. 

R'Li + [R«X] + Br- -> [R*K]+R'“ 4 LiBr 

1 

R*X 4 CnHu+i 4 C ft Ho n 

Conductivities of Organometallic Compounds. All organometallic 
compounds may be considered as salts derived from the weakly acidic 
RH compounds. 

2RII 4 2M -> 2RM 4 II 2 

On such a basis, the organoalkali compounds should be and actually 
are the most polar RM types inasmuch as they are prepared, directly 
or indirectly, from the strongest bases. As strongly polar compounds, 
one would expect them not only to be good conductors but also to have 
the conductivities correlated with the strength of the bases from which 
they are derived. A particularly appropriate illustration is the study 
by Hein and co-workers 50 on the molar conductivities of ethvlalkali 
solvates of diethylzinc. For comparative purposes the molar con- 
ductivities of 0. 1 X aqueous solutions of the corresponding metal hydrox- 
ides at 18 J are also given. 51 

Molar CoNDurnvrriK.s of Molar Con'dittivitiks of 


C 2 H,M StjLVATES 

of (CsIiahZN 

MOII 


C 2 H 5 hi 

0.13 

LiOH 

74 5 

C 2 H. 0 Na 

4 01 

NaOH 

195.3 

C 2 HiK 

6 49 

KOII 

213 

C 2 H*Kb 

9 39 

RbOH 

213-3 

49 Hager and Marvel, 

J. Am. C'hem. fine.. 

48 , 2689 (1926). 



50 Hein, Z. Elektrochern., 28, 4G9 (1922); Ifein, Pctzehner, Wagler, and ScgitZi 
arif/rg . all gam. C’hem., 141, 1C1 (1924) ; ITein and Kegitz, ihid., 158, 153 (192G). 

51 “International Critical Tables,” McGraw-Hill Book Co., New York (1929), 
pp. 246-253- 
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The splendid correlation between conductivities and relative reac- 
tivities of the ethylalkali compounds would seem to promise a high 
usefulness for this method of comparing relative reactivities. How- 
over, there are two general reasons for a restricted applicability of this 
procedure. First, even though the organoalkali compounds are the 
best conductors and (with the exception of R\I compounds derived 
from the alkaline-earth metals) the only types that conduct adequately 
for the purposes in hand, they cannot generally be examined in this 
way. Their thermal instability precludes measurements in the fused 
state, and their insolubility together with high reactivity markedly 
limit the number of appropriate solvents. Second, the promise held 
out by the ethylalkali compounds is not sustained generally because of 
disturbing anomalous results. For example, phenylsodium in dimethyl- 
zinc does not conduct at all, whereas phenyllithium which is distinctly 
less reactive chemically does conduct. Also, the order of conductivities 
m a series having a selected metal but different R groups docs not always 
follow either the order of chemical reactivities or the order established 
by conductometric methods for RM compounds having corresponding 
R, groups attached to a different metal. 


The use of diethylzine to prepare solvates of the ethylalkali com- 
pounds for conductivity studies suggests that diethylzine is a non- 
conductor. This is the fact. The same is true of the trialkylahiminum 
compounds, which, like dialkylzinc compounds, have found extensive 
application as a modified medium for measuring conductivities of the 
111010 rca( 'tive types. If the moderately reactive organoalumirium 
compounds do not conduct, it Is understandable why the distinctly less 
mnetive organocadmium and organomemuy compounds are non- 
conducting. It should be emphasized that in all this the simple and 
not the mixed organometallie compounds are considered. The mixed 
^alts like RMgX and the corresponding bases, RMOH, are as a rule good 
conductors. I11 such eases, however, it i.s probable that no significant 
ionization of the R-Metal linkage is involved. 

Ihc conduction of organometallie compounds follows Faraday's 
lUv ‘ The metal is deposited on the cathode; and the R group, which is 
‘iUually involved as an anion in the transport of the current, is dis- 
C lai ' gec * at the a node to give the coupling (R-R) or disproportionation 
products [R(-hH) + R( -H)] or both. 

Solvents of high dielect ric constant are most suitable for such studies, 
au this applies to pyridine 52 and particularly to liquid ammonia . 53 
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However, with salts like the Grignard reagents the usual solvent, ether, 
is quite satisfactory, and liquid ammonia is totally unsuitable because 
of its active hydrogens. Considerable work, particularly by Evans m 
is being done on conductivity studies of RMgX compounds, and atten- 
tion has already been directed to the bearing of such studies on the 
constitution of Grignard reagents. 

Conductivity studies suggest the possible use of the electromotive 
series of the metals as a means of correlating relative reactivities, the 
more electropositive metals forming the more polar and more reactive 
RM compounds. In a general way, there is a correlation, but some of 
the exceptions are striking. If attention be confined to the alkali 
metals and calcium the following segment of tin* e.m.f. series results. 55 

Li 2.959 I\ 2.924 

Rb 2.925 Ca 2.7G 

Na 2.714 

It is at once evident that lithium is entirely out of line in the sense that 
the above scries might lead to the expectation that RLi compounds 
would be the most reactive of the organoalkali compounds, whereas 
actually they are the least reactive. Also the organocalcium compounds 
should be more reactive than the organusodium compounds, but they arc 
often less reactive; and diethyl calcium has been reported as completely 
non-conducting in diethylzine, whereas cthylsodium is a good conduHor. 

Ionization Potentials of Metallic Atoms. It has been suggested 5 ' 1 
that the ionization potentials of metallic atoms provide a bettor correla- 
tion with the relative reactivities of RM compounds than either con- 
ductivities or the electromotive series. The lower the ionization 
potential of the metal, in a given group or subgroup, the more reactive 
will be its simple* organoinetallie comjxmiids. For example, the ioniza- 
tion potentials 57 of the alkali metals are: Li = 5.36; IN a - 5.12; 
K — 4.32; Rb — 4.16; Cs - 3.87. This is exactly the inverse relation- 
ship of the relative reactivities of the corresponding RM compounds. 

Another pertinent illustration is the relative reactivities of 
triphenyl derivatives of indium, gallium, and thallium. The ionization 
potentials of the metals in volts are: In - 5.76; Ga — 5.97; T1 = . 

54 Evans, Pearson, and Braithwaitc, ,/. Am. Cbm. ,SV„ 63, 2574 (1941); Konduircv, 
Rer., 58, 459 (1925, ; French and Diane, ./. Am. Cbm. ,S«c. t 52, 4904 (1930; ; 

Compt. rend, 202, 11X4 (1939,). 

iS “International (Yitieal Tables,” McGraw-Hill Book Co., New York (1929), ’ 

p. 322. 

56 Gilman and Jones, ./. Am. Cbm. Sue., 62, 235.'’ (1910). . 

* Where only K groups and no salt-forming or acid radicals are attached to the me ■ 

ST Latimer, “The Oxidation States of the Elements and Their Potentials in AqU luU 
Elutions, " Prentice-Hall, New York, N. Y. (1938;, p. 14. 
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Here, too, there is an inverse relationship with chemical reactivities of 
the corresponding R 3 M compounds (p. 555). 

There are exceptional cases which do not permit exact correlations 
of chemical reactivities with ionization potentials. All that can he 
said at this time is that the broad rules previously formulated on the 
basis of groups and families of the periodic table are mast useful be- 
cause they have the fewest exceptions. 

Acidic Hydrogens and Metalation. Inorganic salts arc commonly 
prepared by interaction of an acid with a metal, a base, or a salt. The 
same general reactions can be used for the preparation of RM com- 
pounds from the very weakly acidic hydrocarbons. 

2RCsCH + 2Xa 2RC=CXa H 2 
(CfiH s^CH + KXH 2 — ► (C.H s ) 3 CK + XH ;{ (in liquid NII a ) 

CeHfi + Hg(OAc )2 — ► C«H 4 HgOAc + HO Ac 

Inasmuch as RM compounds have properties of salts, they react with a 
weak acid (RII) to form another salt and another acid. 

RH + CsHsXa RXa + Call. 

These several reactions involving the replacement of an acidic hydrogen 
by metal to give a true organomelallic compound illustrate trans- 
formations designated as metalation. 

It is (dear that both the possibility of metalation and the rate of 
metalation are influenced by the strength of the acid and by the strength 
of the base or other metalating agent. The particular organic acids 
under immediate consideration arc the extremely weak acids (RH), for 
which the usual methods of determining ionization constants are not 
applicable. Inasmuch as the metalation of an RH compound by an 
RM compound is influenced both by the strength of the acid and the 
polarity of the salt, it appears reasonable to expect that the reaction 
might be used to measure relative acidities of the very weak acids and 
relative polar characteristics or reactivities of the salts or RM com- 
pounds. 

Benzene is metalatcd by ethylsodium to give phcnylsodium in a 
reaction first studied by Sehorigin. 58 

CcII&H + CsHtNa -> C 6 H 6 Xa + C»Ile 

This reaction illustrates the displacement of sodium from a salt of the 
relatively weaker acid (C 2 H G ) by the relatively stronger acid (C 6 II 6 ). 

56 Sehorigin, Dcr., 41, 2711 (1908); 43, 1938 (1910). 
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In like manner, a lateral hydrogen in toluene is shown to be more acidic 
than a nuclear hydrogen in benzene. 

C 6 H & CH 3 + C 6 H 6 Na -> CeHsCIRNa + C 6 H 6 
From the following additional metathetical reactions 

(Cells) sC II 2 + CeHiCHeXa (C 6 H 5 ),CHNa + C«H 4 CH 8 
(C 6 H 5 ) 3 CH + (CeHeJsCHNa -* (C 6 H 5 ) 3 CNa + (C 6 H B ) 2 CH 2 

it follows that the order of increasing acidities of the several liH com- 
pounds is: 

C 2 H 6j C 6 H 6j C-eHeCHi, (C 6 H 5 ) 2 CH», (C 6 H & ) 3 CH 

It has been found possible to arrange a scries of extremely weak acids 
on a scale by using the general procedure just indicated, 59 and with 
some aromatic tj'pes it was found that phenyldimethylmethane, 
C 6 H 5 (CH 3 ) 2 CH, was much weaker than phenyla cetylene, CeHgC^CIl 
(p. 1035). The method can also be used to compare the relative acidities 
of RNH 2 , ROH, and RSH compounds, all of which arc less acidic, of 
course, than carboxylic and sulfonic acids. 

In like manner, it is possible to compare the salts or RAI compounds. 
For example, the Grignard reagent metalates dibenzofuran with 
difficulty, but organoealcium and organoalkali compounds effect m( hala- 
tion readily. 


9 1 



On such a basis, the organoealcium and organoalkali compounds arc 
more saline or more polar than RMgX compounds. And because 
RLi compounds effect only monometalation whereas ItNa compounds 
effect dimetalation 



Na Na 


a means is available of corroborating, in this case, the greater polarity or 
reactivity of the RNa compound. Under like conditions, the RR con> 

M Conant and Whelan d, J. Am. Chcm. *S oc. t 64, 1212 (1932); McEwen, ibid., 59. H- 
(1936;. 
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pounds give more dimetalation than the less reactive RNa compounds. 
The highly reactive organoalkali compounds can be arranged in a series 
by extending the metalating reactions to uncommonly weak aliphatic 
acids like Alkyl 3 CH. 

AlkyhOH + C2H5K -► Alkyl 3 CK + C 2 H 6 

Theoretically it would not- be surprising to find the most reactive alkali 
metal, Element 87, progressively metalating methane to give a carbide. 

CII4 CH 3 M -> CH2M2 -> CHM 3 CM 4 

In short, hydrogen in any molecule is acidic in the sense that it will 
probably be found to be replaceable by a metal. 

The less reactive organometallie compounds can also be arranged 
in a series if stronger acids be used. For example, RMgX compounds 
react with active hydrogens attached to oxygen, sulfur, nitrogen, and 
triply bonded carbon (RC=CH). Under selected conditions, the R 3 AI 
compounds react with the several types of active hydrogens just men- 
tioned, but not with true acetylenes; R 2 Zn compounds react with 
R\H 2 and the other types of active hydrogen compounds, but not 
appreciably with It 2 NH compounds; and R^Cd compounds react 
nePiher with true acetylenes nor with amines, but react with the other 
types of active hydrogen compounds. This illustrates not only a pro- 
cedure for differentiating various typos of active hydrogen but also 
a method of arranging the RM comjxmnds on the basis of their reactions 
with active hydrogen compounds. The decreasing activities of these 
RM compounds toward active hydrogen compounds are: R Alkali, 
RCaX, RMgX, R 2 Zn, R S A1, R 2 Cd; and the decreasing strengths of 
the acids are: RSII, ROII, RNH 2 , R 2 NH, RC^CH, RH. The scries of 
RM compounds obtained by reaction with active hydrogen types is 
not exactly that obtained by reaction of RM compounds with a func- 
tional group like carbonyl. Also the series of active hydrogen types 
is not always consistent. For example, triethylbismuth reacts with 
USH compounds but with none of the oilier active hydrogen types 
including some carboxylic acids. 

I he even less reactive types like R^Sn and R.jPb can be differentiated 
by the use of stronger acids. For example, the rate of cleavage of 
R-iPb compounds by means of trichloroacetic acid is much greater than 
that of the corresponding R 4 S 11 compounds, which on other grounds are 
kn <>wn to be loss reactive. Also, hydrogen chloride at 0° will cleave 
b'tmphcnyltin at a measurable rate for kinetic studies, but at a too 
ra Pid rate if tetraphenyllead be used. 
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In metalation reactions, the hydrogen or hydrogens replaced by 
metals may be the same or different, depending on the compound being 
metalated and on the metalating agent. When dibenzofuran is mono- 
metalated the same 4-hydrogcn is replaced, irrespective of the metal- 
ating agent: alkali metal, RM compound, Hg(OAc) 2 . However, a 
related type, N-ethylcarbazole, metalates in different positions depend- 
ing on the metalating agent. 600 



An even more striking example is the metalation of dibenzothiophene, 


, which is monometalatcd in different positions by the 


otherwise closely related phenyllithium and phenylcalcium iodide. 
This indicates highly selective reactions of synthetic value, particularly 
when it is considered that metalations frequently involve the replace- 
ment of hydrogens unaffected by other nuclear substitution reactions 
like halogcnation, nitration, sulfonation, and the Fricdel-Crafts reaction. 

In general, metalation takes place predominantly in a position 
ortho to the hetero element; and the order of decreasing influence of some 
hetero elements is: 0, S, X, P, As. 606 A simple illustration is the metala- 
tion of phenoxathiin. 



fa) Gilman and Kirby, J. Org. Cham., 1, 146 (1936) ; Miller and Bachman, 

Chem. Hoc., 57,2447 (1935; ; Gilman, Stuckwiseh, and Kendall, ibid,, 63 , 1758 ( l9 _ ’ 

(. h ) Gilman and Bebb, ibid., 61 , 109 (1939; ; Gilman, Van Km, Willis, and Stuckwiech, m _< 
62 , 2606 (1940;. (c) Ziegler ami Biihr, her ., 61 , 253 (1928). (d) Gilman and Cock, 
Chem. Hoc., 62 , 2813 (1940;. (e j Gilman and Bradley, ibid., 60 , 2333 (1938). 
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Aromatic nuclei and RM compounds do not always react to give 
mcl illation reactions. Two other transformations might be mentioned. 
One is addition as in anthracene. 


II R 



The other 60<: is dimerization as with phcnanthrenc. 

C 6 H4-C c H 4 c 6 ii 4 — c«ii 4 c 6 h 4 — c 6 it 4 

2 I | + 2RK -> | | | | 

CH- — CH KCII CH — CH CHK 

It is also possible to metalate phcnanthrenc in the 9-position by means 
of alkyllithium compounds. 60d With some partially hydrogenated 
polynuclear types like 1,4-dihydronaphthaIenc there is smooth dehydro- 
genation to naphthalene. 60<; 


H H 



H U 


In connection with lateral and not nuclear mctalation of hydro- 
carbons by alkali amides in liquid ammonia, 

RH + MNTli RM + XH 3 

it was noticed that organoalkali compounds form only with those 
hydrocarbons having a benzohydryl group, (Cf,H 5 ) 2 CH — . 


(C 6 H 5 ) 2 C lit -> (C«H 8 )sCHM ; (CelWaCH > (CJI-^CM 
(CJhhCHCHa (CeHiJsCMCHa ; (C«n B )*CIICII(C.H»)* 


(C 6 Hs) 2 CMCM(C 6 H 5 ) 2 


reaction 


observed with compounds like C< 5 H 5 CH(CH 3 ) 2 , 
2 v, 6 ii 5f (CeH^CCHs. The ‘'benzohydryl rule” growing 


was 

c cH 5 CH 2 CH 2 C 6 H 

0llt 1 hese studies has been used with success in interpreting some 
reaction^. For example, when 1,1,2-triphenylothylene is treated with 
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sodium, the disodium compound initially formed undergoes partial 
ammonolysis to give a monosodium compound. This compound should 
have the sodium attached to the benzohydryl carbon, and this inter- 
pretation was shown to be correct by replacing the sodium by ethyl to 
give a hydrocarbon of established structure. 61 


(CfiII 5 )oC=CIIC 6 H 5 — — > (CiH # )sC(Ka)CH(Na)(C«II|) 
(C*H*) s C(Xa)CH ! C»H 6 (CcH 5 )..C(C ; H 5 )CH 2 r 6 H 5 


Halogen-Metal Interconversion Reactions. 6 -* The following halo- 
gen-metal interconversion reaction 000 * 111*8 in a 97 per cent yield. 


a-CioH 7 Br + «-C 3 H 7 Li -> a-C l0 lI 7 Li + /i-C 3 II:Br 


There arc numerous variations of such reactions. In general, the most 
useful halides are those containing bromine or iodine; and, although 
halogen-metal in tercon versions have been effected with a variety of 
KM compounds, organolithium compounds are most effective. 

The reaction is of particular value in the synthesis of some reactive 
KM compounds which cither cannot be prepared at all or can he 
prepared only with difficulty and in highly unsatisfactory yields. For 
example, although no appreciable quantity of an KMgBr or RLi com- 
pound can be prepared directly from 3-bromo-2, 1 ,5-t riphcnylfuran or 
2-bromo-3,4,6-triphenylpyridine, the respective KLi compounds arc 
readily prepared in satisfactory yields by halogen-metal in t ereon ver- 
sions with n-butyllithium. 


Cells 



Of greater significance is the formation of RLi compounds from com- 
pounds having otherwise reactive functional groups like - OH, — NIL) 
— COOH, and — C=N — . The yields of acids formed in the following 
transformations average in excess of 70 per cent. 

61 Wooster and Mitrhell, ./. Am. Che.m. Hoc., 52, f»SS 

6? («; Gilman and Juruby, J. Org. Cfu-m., 3, 10S (193S;; Wittig, Poekels, and 
Her., 71, 1903 (1938); Gilman, Laugh a in. and Jacoby, Am. Chrnt.Soc.., 61, 106 (19-W. 
Gilman and Moore, ibid., 62, 1843 (1940;; Wittig arid co- workers. Hf<r., 73, 1197 (194 ^ ' 
Gilman, Langham, and Moore, ./. Am. f'hctn. Sor,., 62, (1940;; Gilman and 

ibid., 62, 446 (1940; ; 63, 1553 (1941;. (b) Gilrnan and Junes, ibid., 63, 1439, U«- l i 
(1941). 



ORGANOMETALLIC COMPOUNDS 


539 


(1) n-CJIsLi 

(2) C0 2 

(3) H 2 0 

o-BrC 6 H 4 OH > o-HOOCC 6 U 4 OH 

p-BrC 6 II 4 NH 2 > p-IIOOCC 6 H 4 NH 2 

p-lC 6 H 4 C()OH > p-H()OCC 6 H 4 COOH 



The halogcn-motal in tcrcon version reaction not only provides a 
reasonable mechanism for some earlier so-called anomalous reactions 
between KM compounds arid reactants having halogens or pseudo- 
halogens but also explains the function of traces of RLi compound as a 
catalyst in halogen-metal in tereon versions with unreadivc RM types. 626 
For example, reaction 3 takes place only in the presence of catalytic 
quantities of RLi compound. The function of the RLi compound 
follows from the established reversibility of reactions 1 and 2, which 
add up to reaction 3. 


R 2 Hg + 2R'Li 

^ R'oHg + 2RLi 

(1) 

2R'I + 2RLi 

2RI + 2R'Li 

(2) 

R 2 llg + 2R1 

R' 2 Hg + 2RI 

(3) 


In general, a metal-metal intercon version reaction like 1 proceeds 
more rapidly than a halogen-metal interconversion, and this in turn 
goes at a greater rate than a hydrogen-metal interconversion or metala- 
tion reaction. 

The Wurtz-Fittig Reaction (p. 385). The reaction between a halide 
and a metal is influenced both by the reactivity of the halogen in RX 
and by the reactivity of the metal. With metals that form moderately or 
slightly reactive RM compounds, the reaction tends to stop at the RM 
stage unless the RX compound is highly reactive. 

2RX + 2M 2RMX or (R 2 M + MX 2 ) 

With highly reactive inetals, like the alkali metals, the reaction involves 
only one-half the quantity of metal used above and the chief product 
^ Lin R-R compound. 

2RX + 2M -> R-R + 2MX 

The latter reaction is known as the Wurtz-Fittig reaction, and although 
!t commonly associated with alkali metals it will be recalled that 
hthium does not react to give R-R compounds unless the RX compound 
he very reactive or drastic conditions be used. 
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A large amount of work lias been done on the mechanism of the 
Wurtz-Fittig reaction, and the two most widely held interpretations 
involve the intermediate formation of free radicals, 

2RX + 2M 2R- -J- 2MX 
2R- -> R-R 

and the intermediate formation of organ oalkali compounds. 

RX + 2M -> RM + MX 
RM + RX -* R-R + MX 

The formation of compounds like triphcnylene and o-diphenvlben- 
zcnc in the reaction mixture obtained from chlorobenzene and sodium 
can be quite satisfactorily explained on the basis of intermediate phenyl 
radicals which can disproportionate to phonylene radicals. These unite 
to give triphenylene, 

2C 6 H & - -* C«Hc + C 0 H 4 < 

/C 6 H 4 

3C 6 II 4 < -> C 6 II 4 < | 

x c 6 h 4 

or the phonylene and phenyl radicals can combine to give o-diphcnyl- 
benzene, 63 

CeH 5 — + — CeH 4 — + — ' C«H, -> C 6 II 5 CeH 4 C 6 H 6 

Part of the case for the intermediate formation of RM compounds 
rests on the capture of such compounds during the Wurtz-Fittig reac- 
tion. For example, isovaleric acid is obtained by the action of carbon 
dioxide on a reaction mixture of sodium and isobutyl bromide. 64 

(CH 3 ) 2 CHCH 2 Br + 2Xa (CH,)sCHCH*Xa + XaBr 
(CH 3 ) 2 CIICII 2 Xa 4- C0 2 -* (CH 3 ) 2 CHCH 2 C0 2 Xa 

Actually, an RM compound has been isolated in a reaction of 3-iodo- 
furan and sodium-potassium alloy. 65 ® 



The isolation of small quantities of the RK compound was attributed 
in part to the uncommon inertness of a ^-substituted halogen in furan- 

8i Bachmann and Clarke, ibid., 49, 2089 (1927). 

84 Schorigin, Bar., 41, 2711 (1908) ; 43, 1938 (1910; ; Ziegler and Schafer, Ann., 479, 150 
(1930) ; H ticket, Kraemer, and Thiele, prakt. Chem., 142, 207 (1935). 

88 (a) Gilman and Wright, J. Am. Cham. Sac., 55, 2893 (1933). (b) Boekmiihl a ,u 
Ehrhart, Fr. pat., 73(5,428 [Chem. Zentr., II, 2193 (1933)]. (c) Morton and Hot-hen- 
blcikner, J. Am. Cham. Soc., 58, 1097, 2599 (1930). (d) Bachmann and Wiselogle. - 
58, 1913 (1930). («•) Gilman, Paccvitz, and Bame, ibid., 62, 1514 (1940). See, Oso, 
Morton and Musacngale, ibid,, 62, 120 (1940). 
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However, recent experiments have shown that organosodium com- 
pounds can be prepared directly from sodium and a variety of RX 
compounds. Phenylsodium is obtainable in an 89 per cent yield from 
chlorobenzene in benzene; 656,6 amyl chloride gives amylsodium and 
amylidene disodium (C 5 HioNa 2 ), which on carbonation form eaproic 
and butylmalonic acids, respectively, in a combined yield of 56 per 
cent; C5c and triphenylchloromethane in ether and benzene reacts rapidly 
with sodium, provided that fresh surfaces of the metal are exposed 
throughout the reaction, to give a 96 per cent yield of triphenylmethyl- 
sodium. 05i 

Even phenylpotafjsium appears to be formed transitorily in a reaction 
between chlorobenzene and potassium in the presence of toluene. What 
probably occurs is lateral metalation of toluene by the intermediately 
formed phenyl potassium to yield benzyI{K)tassiuin in 84 per cent 
yield. 

CcH&Cl + 2K -> [CellsK] + KC1 
[C c H & K] + CcH & CH 3 -> C 6 HsCH 2 K + C 6 H 6 

What appears to be a related metalation is the transition from an 
initial 80 per cent yield of p-tolylsodium from p-chloro toluene and 
sodium in toluene at 35°, to a 79 per cent yield of benzylsodium when 
the mixture is refluxed. 65 * 

It is probable that both free radicals and RM compounds are involved 
in the reaction. Furthermore, it seems reasonable that another some- 
what unusual reaction precedes the intermediate formation of free 
radicals and RM compounds. It has been shown that RX compounds 
are carriers of alkali metals as a consequence of the possible prior 
formation of complexes designated as “metal halyls,” by analogy with 
metal ketyls. These halyls can lose MX to give a free radical or R-R 
compound, or react with more metal to give an RM compound. 66 

CsHslir + Na -► C 6 H 5 . . . . Br. . . .Na 

Cells. ...Br....Na Cells — + NaBr 


C«H s ....Br....Na 

; -> Calls— C 6 H & + 2NaBr 

C,II 5 * ...Br ...Xa 

C 6 H 6 . . . .Br. . . .Na + Na -> C 6 H#Na + NaBr 

08 Morton and Stevena, ./. Am. Chetu. Soc., 64, 1919 (1932). For other remit studies 
mechanisms of the Wurtz-Fittig reaction see the following: Whitmore, Popkin, Burn- 
£ * ein > ai «l Wilkins, ibid., 63, 124 (1941) ; Gilman and Moore, ibid., 62, 1843 (1940) ; Blum- 
er 8niann, ibid., 60, 1999 (1938); Richards, Trans. Faraday Soc., 36, 950 (1940); Whit- 
ni01 ' e Zook, J. Am. Chcm. Soc., 64, 17S3 (1942). 
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If it be granted that RAI formation is, to some extent, an inter- 
mediate stage in coupling reactions to give R-R compounds, then it 
may be concluded that all metals have formed or will form RM com- 
pounds inasmuch as metals generally react with RX compounds to give 
R-R compounds. Sometimes the relatively drastic conditions neces- 
sary to effect such coupling arc just those which involve pyrolysis of 
the thermally labile types. 

2RM -> R-R + 2M 

GROUP I. B-FAMILY 
[Cu, Ag, Au] 

The Grignard reagent has been used for the preparation of organo- 
coppcr, 67 * 64 organosilver, 67,68,69 and organogold 70 compounds. 

CcH&Afgl -|- Cul — * CcHsCu *f* MgT 2 
C 6 H 5 MgBr + AgBr -* C 6 H 5 Ag + MgBr 2 
C«H 3 MgBr + AuClCO -> C c H 5 Au + MgBrCl + CO 

A mixed compound of phenylsilver and silver nitrate has been obtained 
as follows: 71 

(C c H 5 ) 3 PbC 2 II 5 [or (C 6 H 6 ) 3 SnC 2 H 5 ] + AgX0 3 -> (C«II»Ag)r AgXO* 

This reaction illustrates the greater reactivity of unsymmctvical 
organometallic compounds, inasmuch as the symmetrical R 4 Pb and 
R 4 Sn compounds do not react with silver nitrate. 

The insoluble organocopper and organosilver compounds react in a 
normal manner with the more reactive functional groups. For example, 
the phenyl derivatives with acid chlorides give ketones; with allyl 
bromide they give allvlbenzene ; and with phenyl isocyanate, benzanilnk 
The organocopper compounds are more reactive, both on the basis of 
yields of products and the wider variety of functional groups with which 
they enter into reaction. However, neither the copper nor the silver 
compounds react with benzonitrile. Because of the high instability of 
RAu compounds no study has been made of this type with organic 
compounds having functional groups. 

67 Reich. Compt. rend, 177, 322 (1923j. 

68 Gilman and Straley, Hec. trav . chim., 55, 821 (1936). 

65 Krause and Wendt, J3er., 56, 2064 (1923). 

70 Kharasch and Isbell, ./. Am. Chem. Soc., 52, 2919 (1930) ; for recent investigation 9 
on the chemistry of organic compounds of gold see Gibson, Brit. Assoc. Advancement heu 
Kept., 35 fl 938) [C. A., 33, 2838 (1939)]. 

71 Krause and Schmitz, Ber., 52, 2150 (1919). 
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The most characteristic reaction of the univalent copper, silver, and 
gold compounds is the prompt and complete decomposition to R-R 
compound and metal 

2C 6 H 6 M -> C«H*-C«H S + 2M 

With a selected R group, the order of decreasing thermal stability is: 
RCu, RAg, RAu. This is apparently just the opposite of the order of 
increasing relative reactivities toward common functional groups. 
Some of the compounds decompose explosively, and nibbing of a very 
small sample of dry phenylsilvcr results in a violent detonation. 

There are throe other types of organogold compounds: RAuX 2 , 
11 2 AuX, and R 2 Au. Of these, the R 2 AuX compounds are most 
stable; 70, 72 they are generally best prepared in ether by the following 
reaction. 

AuBr 3 + 2 RLi — » R2AuBr + 2 LiBr 
The R^Au types can be prepared in ether at very low temperatures. 

(CII3) sAulSr + CH3L1 -* (CH 3 ) 3 Au + LiBr 

The thermally labile tiimethylgold can be stabilized by forming a 
complex with ethylcnediamine or with a-aminopyridine. As general 
rules, arylmetallic compounds are more stable than alkvlmctallic com- 
pounds, and methylmetallic compounds are more thermally stable than 
other alkyl types. 

The high instability of the copper, silver, and gold compounds may 
account for some transformations. First, a satisfactory procedure for 
the formation of R-R compounds is to treat an RMgX compound with 
copper or silver salts. 73 Undoubtedly, in such reactions the RM 
compound is first formed and then decomposes to R-R and metal. 
Second, small quantities of copper halides accelerate reaction of the 
Grignard reagent with RX compounds 74 and with nitriles. 75 It is 
possible that in such reactions the thcrmolabile organoeopper compounds 
decompose to copper and free radicals, and that the latter may function 
eatalytically by setting up chain reactions. 68, 760 Thermal decompo- 

Brain and Gibson. ./. ('hem. Soc ., 762 (19m 

‘ 3 Gardner and Bergstrom, J. *i/w. Chcm. Soc., 51, 3375 (1929); Gilman and Parker, 

4 6, 2823 (1924) ; Daneliy and Nieuwlniid, ihiti., 58. 1609 (1936) ; Joseph and Gardner, 
('hem., 5, 01 (1940). 

11 iJanehy, Killian, and Nieuwland, ,/. -twi. Chcm. Soc., 58, 011 (1936); Linn and 
Nol Jor , ihfti t 58, 816 (1936). 

Gil man, St. John, St. John, and I.irhtcnwaltcr, Rcc. irar. c.fnm ., 55, 577 (1936). 

Rliarasch and (*i>- workers, ./. Am. Chcm. Sue., 63, 2305, 2308, 2315, 2316 (1941). 
[“ Bit'kley and Gardner, J. Org. Chew., 5, 126 (1940); Gilman and Jones, J. Am. Chan, 
lV " 62 . -357 (1940). 
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sition of RM compounds in the presence of a solvent is not a simple 
reaction, and it may or may not involve free radicals. 76 * Catalytic 
quantities of some metallic halides like cuprous chloride have recently 
been shown by Ivharasch and co-workers 76 a to exert a pronounced 
effect on the course of some Grignard reactions. Third, the inability of 
free radicals to pick up gold mirrors may be due to the uncommon 
thermal instability of organogold compounds. An ingenious indirect 
application of this idea was used in some free-radical studies. Neither 
methyl nor ethyl radicals would pick up beryllium deposited on quartz, 
possibly because of the beryllium reacting with the quartz. Accordingly, 
beryllium was first deposited on gold and then dimethylberyllium and 
diethylbery Ilium were formed from methyl and ethyl radicals, respec- 
tively. 77 Fourth, there is a possibility that organocopper compounds 
are intermediates in the Ullmann 78 reaction, which involves coupling by 
heating an aryl halogen compound with copper. 

2 o-X0 2 C 6 H 4 Br — > o-X0 2 C 6 H 4 -CeHiXOr® 

From such a viewpoint the Ullmann reaction may be related to the 
Wurtz-Fittig reaction. The syntheses of diaryl amines and diaryl ethers 
from reaction of aryl halides with aryl amines and with salts of phenols, 
respectively, do not involve intermediate organocopper compounds. 790 

It is probable that organometallic compounds are formed transi- 
torily when metals are used as catatysts in the decomposition of RM 
compounds to R-R compounds. The decreasing order of effectiveness 
of some metals in converting diphcnylmercury to diphenyl is: Pd, Pt, 
Ag, Au, Co, Cu, Fe, Zn; and the decreasing order for the decomposition 
of dibenzylmercury is: Pd, Pt, Ag, Au, Cu, Zn, Fe, Co. 796 

Photochemical Activation. Light has a marked accelerating effect 
on the rate of preparation of phcnylsilvcr from phenyl magnesium 
bromide and silver bromide?. Perhaps the first example of photochemical 
activation in the preparation of RM compounds was Frankland’s fi0 
study of the reaction of tin and ethyl iodide. It is known that light also 
accelerates the formation of some organomercury compounds: methyl- 
mercuric iodide from methyl iodide and mercury, and benzyhnercunc 
iodide from benzyl iodide and mercury. Also, ultra-violet light acceler- 
ates the formation of some organomagnesium iodides. The mechanism 
of activation in these and other preparations of RM compounds may 

77 Paneth and Loleit, J. Chem. Hoc., 3G6 (1935). 

78 Ullmann and eo-workers, liar., 34, 2174, 3X02 (1001). 

7 * fa) Weston and Adkins, J. Am. Chem. Hoc.. 50. 859 (1928). (M Rasuvaev and 
Koton, Ber., 66, 854 (1933) ; Koton, Ber., 66, 1213 (1933). See, also, Hodgson and KlUoU. 
J. Chem. ,SV,c.. 123 (1937). 

80 l'rankland, Ann., 85, 329 (1X53). 
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not be alike. With organomercurials, there may be first a photochemical 
decomposition of mercurous iodide: Hg 2 l 2 — > Hg + Hgl 2 . Then the 
very finely divided mercury acts upon the, HI compound to give RHgl. 81 
Apparently, the organic iodides are most responsive to photochemical 
activations concerned with the preparation of organometallic com- 
pounds. 

GROUP II. A-FAMILY 
[Be, Mg, Ca, Sr, Ba, Ra] 

Organobery Ilium compounds are best prepared from beryllium chlo- 
ride and the Grignard reagent. 

BcC 1 2 + 2RMgX -► R>>Be + MgX- + MgCl 2 

Dimethylbcndlium crystallizes in white needles, and the low-molecular- 
weight dialkylheryllium compounds arc volatile and inflammable. The 
R 2 Be compounds and beryllium chloride give RBeCl, and an equi- 
librium like that with Grignard reagents is established. 

R 2 Be + BeCl 2 2RBeCl 

In general, the organoberyllium compounds show the reactions of 
Grignard reagents, but at a slower rate. 82 

Organoberyllium and organomagnesium compounds are best set 
apart from the other RM compounds derived from alkaline-earth metals. 
For example, the organocalcium compounds not only react more readily 
than the corresponding RMgX compounds but also they occasionally 
show different reactions. A significantly different reaction is observed 
with some conjugated systems. As a rule, organoberyllium compounds 
and Grignard reagents add 1,4 to the conjugated system in a compound 
like benzalacetophenone. 290 ’ 83 Organocalcium compounds add 1,2 to 
the carbonyl linkage (p. 511). 

The 1,2-addition to the carbonyl group of a conjugated system is 
characteristic of the more reactive RM types like the organolithium com- 
pounds. It is not surprising, therefore, to observe that, although 
phenylmagnesium bromide adds 1,4 to the lateral-nuclear conjugated 
system in benzophcnone-anil, phenyllithium, -sodium, -potassium, and 
phenylcalcium iodide add 1,2 to give triphenylmcthylaniline.- 9 * 

f rMT T i 1 HOH 

(C 6 H 5 ) 2 C=KC 6 H 6 + { CeHscLi 1 > ( c * n »)» CNIIC ‘ H * 

81 Maynard, J . Am. Ckem. Soc., 54, 2108 (1932). 

8J Gilman and Snlnilzc, ihid., 49, 2904 (1927) ; J. Chem. Soc., 2063 (1927). 

A particularly interesting exception is described by Smith and Hanson, J. Am. 
Chm - 57, 1320 (1935) ; Stevens, ibid.. 57, 1112 (1935). 
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This is one of several illustrations which warrant the consideration of 
organocalcium compounds with the organoalkali compounds rather than 
with the Grignard reagents. 84 Another is the reaction with azoben- 
zene. 29 ^ (p. 512). 

Incidentally, the definitely unlike type of addition of organolithium 
and -calcium compounds to conjugated systems makes it possible to 
establish the interchange of metals in some RM reactions. For example, 
it has been postulated that a less reactive RM compound can be pre- 
pared from a more reactive RM compound and the halide of a metal 
which can form a less reactive organoinotallic compound. On such a 
basis one w’ould expect the following transformations. 


CgHoLi + Mgl, CelUMgl + I-il 
C 6 II 5 CaI + Mgl, CeTUMgl + Cal 2 


There is no convenient way for isolating the phenylmagnesium iodide 
from such reactions. However, isolation is not necessary if the phenyl- 
magnesium iodide can he definitely characterized. The reaction of the 
resulting mixtures with benzalaectophenone provides a means for estab- 
lishing the formation of phenylmagnesium iodide. When benzalaceto- 
phenone is added to either reaction mixture only the 1, 4-addition 
product is isolated, and none of the 1, 2-addition product characteristic 
of RLi and RCal compounds is obtained. Recently / 9c color test II has 
been used to establish the conversion of phenyllithium to phenyl- 
magnesium iodide by means of magnesium iodide. 

Relatively little work has been reported on organostrontium ami 
organobarium compounds. However, from available information those 
RM types are of a relatively high order of reactivity which warrants 
their consideration with organoalkali compounds rather than with 
Grignard reagents. It is possible to arrive at their probable reactivities 
by an indirect procedure. 1 , 1-Diphenylcthylcne adds alkali metals in 
liquid ammonia to give organoalkali compounds which when hydrolyzed 
yield 1,1-diphenylethane and 1,1,4,4-tctraphenylbutane. 85 


(C«H»)*C=CH s +2Xa 


(C«Hi)aC-CHj + (C 6 II 6 ) s CCII.CII 2 C(C b H6)2 

ILL III 

i NaXa Njl 4, Na 

(CdUhCUCih (C«Il5) 8 CIICH^HjCn(C.H*)* 


In general, it may be stated that where there is a 1,4-addition or a 
dimerizing addition of a metal to 1,1-diphenylcthylenc to give 
tetraphenylbutane an RM compound of that metal will add to an 

64 Gilman, Kirby, Uchten waiter, and Young, H*c. trav. chim., 55. 79 (1930). 

85 Wooster and Kyan. ,/. Am. Ckem. Soe.., 56, 1133 (1934). 
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olefinic linkage. This is definitely true of organoalkali compounds 
like those of lithium and sodium. Under corresponding conditions, 
calcium, strontium, and barium behave like lithium and sodium toward 
1,1-diphenylethylene in liquid ammonia. From this one may conclude 
that RM compounds of calcium, strontium, and barium are sufficiently 
reactive to add to an olefinic linkage. 88 


GROUP H. B-FAMILY 

[Zn, Cd, Hg] 

Zinc. Alkylzinc compounds wore the first organometallic com- 
pounds prepared. Their synthesis is readily effected by the action of 
zinc on an alkyl iodide or on a mixture of alkyl iodide and bromide. 87 

CoHftI -(- Zn — > C2II5Z11I 

The alkylzinc halides when heated give the ll 2 Zn compound, 

2C 2 H 5 ZnI <=± (C 2 H 5 ),Zn + Znl 2 

and the reaction can be reversed. The arylzinc halides are best prepared 
from the Grignard reagent, 

C.H*MgX + ZnX* -+ C«H*ZnX + MgX 2 
and the diarylzinc compounds from the mercurials. 88 

(p-CH*C 6 H 4 )*Hg + Zn -> (p-CIIaCsHdsZn + Hg 

For a long time, the organozinc compounds were used extensively for 
the synthesis of other RM compounds and for the preparation of ketones 
from acid chlorides, 

RCOC1 + R' 2 Zn (or R'ZnX) -> RCOR' + ZnX 2 

particularly by Blaise and co-workcra. 8 * Latterly, however, they have 
he(. i n largely superseded by other organoinetallics, particularly by the 
Grignard reagents and organ ocadmium compounds. This has been due 
to the ease of preparation and manipulation of other RM compounds 
which are less inflammable and give better yields of products. 

Perhaps the only two present significant applications of the organo- 
z uic compounds are reaction with tertiary halides, 87 

2(CH,),CC1 + (C 2 Il 5 ) 2 Zn 2(Cll*)iCC*H» + ZnCl 2 

66 Gilman and Bailie, J. Org . Chrm., 2, S4 (1937). 

* 7 N oiler, J. Am. Chem. Soc 5i. 594 (1929). 

^Kocheahkov, Nesmeyanov, and Potrosov, Bcr 67. 1138 (1934). 

J Blaise, Bull, soc, chim ., [4] 9, I XXVI (1911). 
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and the Reformatsky reaction, 90 which probably proceeds by way of an 
organozinc compound. 


(CH 3 ) s C= 0 + BrCH 2 C0 2 C 2 lI s — > (CH 3 ) 2 C— CH 2 C0 2 C 2 H 5 - H °— 


OZnBr 


(CH 3 ) 2 CCH 2 C0 2 C 2 H 5 

OH 


Organozinc compounds arc probably formed as intermediates in some 
other reactions which proceed stepwise or by progressive substitution 91 
and not by the simultaneous removal of two halogens by zinc. 

CHoBrCOBr + Zn -> CII 2 (ZnBr)COBr CIl2=C=0 + ZnBr 2 

BrCHzCHsCHoBr + Zn -» (BrZn)CH 2 CH 2 CH 2 Br -> (CH 2 ) 3 + ZnBr* 

The organozinc compounds react less rapidly than the Grignard 
reagents, and this lesser reactivity is reflected in the use of a carbon 
dioxide atmosphere for the early manipulation of the inflammable dial- 
kylzincs, and the reaction with acid halides to give ketones rather than 
any significant quantity of tertiary alcohol. In general, the organozinc 
compounds not only show the same types of reactions characteristic of 
Grignard reagents, but the same general order of activity with selected 
functional groups (p. 501). For example, the relative order of decreasing 
reactivity of some functional groups in their reactions with R 2 Zn 
compounds is: — CHO > — COCgHs > — C===N. 92<I 

Cadmium. The organocadmium compounds are best prepared from 
anhydrous cadmium chloride and the Grignard reagent, and the HCdX 
or R 2 Cd compounds so formed need not be isolated but can be used 
directly as can RMgX compounds. They are less reactive than the 
organozinc compounds and like the organozinc and RMgX compounds 
add in a normal manner to the reactive carbonyl group in bcnzaldehydc. 
Accordingly, a slowly developed color test is to be expected with 
Michler's ketone, and the time required for a color test illustrates strik- 
ingly the relative reactivities of the organozinc, -cadmium, and -mercury 
compounds. Under corresponding conditions, the time required for a 
color test with diethylzinc is 27.5 hours; with diethylcadmium, 100 
hours; and with diethylmcreury, in excess of 1000 hours. 35 

90 Reformatsky, Jier., 20, 1210 (1887); Nieuwland and Duly, ./. Am. C 'hem. 8 oc., 53, 
1842 (1931). 

91 Michael and Carlson, J. Am. Chem. Sue., 58, 353 (1936). 

92 (a) Gilman and Marple, Her., trav. chim 55, 133 (1930). (b) do Bonneville. 0r £‘ 
Chem., C, 462, (1941). 
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This relatively slow rate of addition of diethyl cadmium to the car- 
bonyl linkage indicates that organocadmium compounds might react 
satisfactorily with acid chlorides to give ketones, and that reaction 
would be arrested at ketone formation. Actually this happens, and 
organocadmium compounds arc now some of the reagents of choice for 
the formation of ketones from an acid chloride or an acid anhydride and 
an RM compound . 35 ’ 925 

Mercury. The history of organozinc and organomercury com- 
pounds reveals in a striking manner how the emphasis on particular 
organomctallic types has shifted. The zinc and mercury compounds 
were not only among the first orgaiiometallic compounds to be discov- 
ered, but they were early developed in so successful a manner that for 
a long time they dominated the field of organomctallic compounds. 
Their extensive applications as tools for syntheses included the prep- 
aration from them of many other RM compounds. Today, they not 
only have a highly restricted use for the preparation of other organo- 
mctallic compounds, but are actually best prepared, generally, by means 
of other RM compounds, particularly the Grignard reagents. 

RMgX + IIgX 2 -> RHgX 
2RMgX + HgX 2 - > R 2 IIg 


There are numerous methods for the preparation of mercurials, and, 
in general, they can be formed wherever an easily replaced hydrogen 
atom is available or where a group is readily replaced by a hydrogen 
atom. 


RH + HgX 2 
RB(OH) 2 + HgX 2 
RSOsH + HgX 2 


— HX 


— HX 



RC0 2 H + HgX. 
RN S X + lfgX 2 + 2Cu 
RMgX + IIgX 3 


Obviously, since organomcrcurials are cleaved by mineral acids the 
latter must be removed in order to effect reaction. 

Incidentally, the. several methods for the preparation of organo- 
niercu rials illustrate an application of mercurials as derivatives for the 
characterization of loss stable or less definitive types. A more restricted 
application of mercurials as derivatives depends on the addition of a 
basic mercuric salt to ethylenes and acetylenes. 93 " This reaction may 


Sa (a) Wright, J. Am. Chem. Boc.. 57, 1993 (1935) ; Nesmeyanov and Freidlina, Ber., 69, 
1^1 (193G). See, also, Connor and Van Campen, J . Am. Chem . Soc 58, 1131 (1936), for 
«e uge 0 f j nercur j c chloride in a general test for methylene compounds, (ft) Brown and 
'Uight, ibid., 63, 1991 (1940). 
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be of possible diagnostic value in differentiating cis and trans isomers 
by the rates of formation of some mercurials . 936 

RCH=CHR + Hg(X)(OCH 3 ) -* RCH(OCH 3 )CH(HgX)R 

HgX 

I 

RC=CR + 2Hg(X)(OH) -> RC CR -> RCCH 2 R 

/\ i ii 

OH OH HgX 0 

The reaction with acetylenes is exemplified by the industrial conversion 
of acetylene to acetaldehyde, 

Orga no mercurials are the least active organoinetallic compounds in 
the first two groups, and this is reflected in the fact that they are the 
only organomet allies in the first two groups which can be manipulated 
in water and other hydroxy lated solvents. The only unsaturated func- 
tional group to which they add after the manner of reactive RM typos 
is the carbonyl group in a highly reactive compound like ketone or, 
very slowly, with Michler’s ketone. 

H 2 C=C=0 + CeHJIgBr - H*C=C-0— HgBr — ILC— C— OH -► ILCOO 

I II 

C»IIs Cglli C 0 U* 

The same reaction, of course, occurs with organozinc and organ o- 
cadmium compounds, the organozinc compounds reacting most smoothly 
to give the highest yields of methyl ketones . 94 As a rule, ketones are 
formed with difficulty from mercurials and acid halides, which is in 
sharp contrast with the related reactions of the zinc and cadmium com- 
pounds. Likewise, RX compounds undergo highly restricted meta- 
thetical reactions with organomercury compounds. 

However, the halogens (particularly iodine) react smoothly . 95 

RHgX + I 2 -► RI + HgXI 

ALso, the nitro and nitroso groups can be introduced . 960 

RHgX + XOC1 -> RXO + HgXCl 

A related reaction, in which nitroso compounds may be; intermediates, 
is the formation of diazonium nitrates by interaction of N 2 O 3 and 
N 2 0 4 with R 2 Hg and a variety of other RM compounds . 966 These arc 
some of the more important replacement reactions of arylmercurials. 

54 Hurd, Jones, and Blunck, /. Am. Chem. Hoc., 67, 2033 (1935). Hurd and Roe, * ? " v/ ’ 
61,3355 (1939;, observed no reaction between ketenc and tetraethyllead. 

94 Whitmore and Thorpe, ibid., 55, 782 (1933). See, also, Whitmore, “Organic Com- 
pounds of Mercury," Chemical Catalog Co., New York (1921), pp. 67-73. 

96 (a) Smith and Taylor, J, Am. Chem. Hoc., 57, 24G0 (1935). (6) Makarova and 
meyanov, J. Gen. Chem. (U.H.S.R.), 9, 771 (1939) [C. A., 34, 391 (1940)]. 
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Some other reactions of mercurials have already been considered, 
like the preparation of organoalkali compounds and the cleavage of 
unsymmctrical mercurials by acids. 

Inasmuch as mercuration of aromatic nuclei is not only a relatively 
mild reaction compared with nitration and bromination, but also leads 
sometimes to substitution in otherwise inaccessible positions, mercura- 
tion finds itself peculiarly adapted for many aromatic syntheses. A 
striking illustration of the relative ease of mercuration is found with 
dimethyl furan-2,5-dicarboxylate. This compound is inordinately 
resistant to typical nuclear substitution reactions like nitration, sulfona- 
tion, bromination, and the Friedel-Crafts reaction; however, mercuration 
replaces /3-hydrogcns. 

I j Hg(OAc)2 I JlgOAc AcOHg: -.ITgOAc 

CII 3 0Gk 0 Jc0 2 CII a > CII 3 0 2 cL v() Jco 2 CH a + CH^Cko JcOGII, 


Inasmuch as a-hydrogens in furan undergo prompt and smooth nuclear 
substitution reactions it is not surprising to find that furan is mercuratcd 
almost instantaneously at room temperature. 



Hg(OAc)* 
> 


U 


+ 

HgOAc AcOIIj 


u 


HgOAc 


The general equilibrium between mixed and simple organometallic 
compounds is observable with mercurials. 

2RHgX <=* R 2 Hg + HgX 2 

Any reagent which removes mercuric salt from the zone of reaction will 
shift the equilibrium to the right, and this is accomplished chiefly by 
reducing agents such as sodium, stannous chloride, sodium thiosulfate, 
and hydrazine. 

In the Zn-Cd-IIg series, the thermal stabilities of the organometallics 
apparently decrease with increase in atomic weight, as in the adjoining 
Cu-Ag-Au series in the B-Family of Group I. However, the order is 
reversed with reactions like oxidation and cleavage by active hydrogen 
compounds: the organozinc, compounds are most inflammable and most 
readily cleaved by water or other reagents having acidic hydrogens. 
The high inflammability of organozincs and the high toxicity of organo- 
mercurials have necessitated special manipulative procedures which, 
in turn, have encouraged the greater development of other organo- 
id allies. However, it should be emphasized that convenience in 
[Manipulation may be secondary in importance to inherent differences 
in chemical reactivity which warrant the use of one R\I type rather 
fhan another. We need only recall that the highly reactive organoalkali 
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compounds were extensively developed despite the early need of special 
apparatus and technique. The matter of toxicity is also to be weighed 
against other properties. Numerous RM types are toxic, and, although 
mercurials are more toxic than many other RM compounds, it is possible 
by the proper introduction of substituents to get mercurials of high 
therapeutic value. 

GROUP m. A-FAMILY 

[B, Al, Sc, Y, La, Ac] 

Boron. The trialkyl- and triarylboron compounds are best pre- 
pared from boron trifluoride and the Grignard reagent. 97 

3RMgX + BF 3 R 3 B 4- MgX 2 

It has been shown recently that the R3B compounds actually undergo 
typical organometallic addition reactions to the carbonyl group in such 
compounds as benzaldehyde and phenyl isocyanate. 98 This suggests 
that boron partakes more of the nature of a metal than a metalloid, and 
is corroboratory evidence for the mctallicity of boron. However, such 
addition reactions are slow, and direct comparisons with related zinc 
and aluminum compounds show that the order of relative reactivities is: 

R 3 A1 > RjH > It 2 Zn 

In such reactions, only two of the R groups are involved under cus- 
tomary conditions, and one of the products is a monosubs li luted boric 
acid, RB (011)2. These organic boric acids are quite stable, and actu- 
ally phenylboric acid can l)e nitrated by means of fuming nitric acid to 
give the three isomeric nitrophenylboric acids [X0 2 C 6 H 4 B(0H)2], with- 
out any significant cleavage of the phenyl-boron linkage." 

The disubstituted boric acids, R 2 BOH, which are solids like the 
monosubstituted boric acids, indicate the relative inertness of organo- 
boron compounds, for here, too, a given molecule contains not only the 
organometallic linkage (carbon-boron) but also the active hydfogcii 
present in the hydroxyl group. In general, it appears that organoboron 
compounds may be anomalous with respect to cleavage by active or 
acidic hydrogen, for the simple trialkylboron compounds arc spontane- 
ously inflammable and yet uncommonly resistant to the action of water 

97 Krause and Nitsche, Her.. 55, 1261 (1922). 

98 Gilman and Marple, Iiec. Irav . chirn., 55, 76, 133 (1936). 

99 Seaman and Johnson, ./. Am. Chem. Sue., 53, 711 (1931): Ainley mid Challenger, 
J. Chem. Soc., 2171 (1930). See, also, Bettman, Branch, and Yabroff, J. Am. Ckcm. 

66, 1865 (1934), for the dissociation constants of substituted phenylboric acids. 
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and alcohol. Trimethylboron is the only known gaseous organometallic 
compound. 

Trialkylboron and triarylboron compounds form addition compounds 
with nitrogen bases like ammonia and a wide variety of amines to give 
aminines. 

R 3 B + NH 3 -> R 3 B-NH 3 
A related reaction is observed with sodium. 

(C 6 H s ) 3 B + Na -* (C 6 H 5 ) 3 B-Na 

and on the basis of this and other evidence it has been suggested that 
triarylboron compounds might be considered as free radicals, analogous 
to triarylmethyls. Both triphenylboron and triphenylmethyl add 
sodium from dilute amalgam, and in both cases the sodium is removed 
by mercury. 100 Tri-a-naplithylboron adds two atoms of sodium, and 
the second atom is held much less firmly than the first. 

Aluminum. Trialkvlaluminum compounds are prepared from 
aluminum chloride and the Grignard reagent; and triarylalmninum 
compounds from aluminum and the mercurials. The mixed organ o- 
aluminum compounds are conveniently prepared by direct interaction 
of aluminum with some ltX compounds. 101 " 

RX + A1 -» R-A1X + RAIX, 

The organoaluminum compounds either fume or are spontaneously 
inflammable. They undergo many of the reactions of Grignard reagents, 
but at a slower rate. Like the corresponding boron and zinc compounds 
they react with typical functional groups at rates which place the func- 
tional groups in an order of relative reactivities like that established 
with Grignard reagents: — CHO > — COC 6 H 5 > — C=N. 10l& 

However, mixed organoaluminum etherates react with ketones to 
give highly condensed products. This raises a question concerning the 
intermediate formation of organoaluminum compounds in the Friedel- 
Crafts reaction. It was originally suggested by Friedel and Crafts that 
the reactions which later came to bear their name proceed by way of 
organoaluminum compounds. 1020 It Is possible, under drastic condi- 

1110 Bent and Dorfman, J. Am. Chcm. Soc 57. 1250 (1035); Krause and co-workers, 
Bir ‘< 59, 777 (1920) ; Bcr., 53, 2347 (1930). 

11)1 («) Hnizda and Kraus, Am. ('hem. Soc., 60, 2270 (1938) ; Gilman and Appcrson, 
J ' 0r K- Chan., 4, 102 (1939); Grosso and Mavity, ibid., 5, 100 (1939). (b) Gilman and 
Maepb, # ec trat chim t 55 133 fl930 ) 

'* (a) Friedel and Crafts, Ann. chim. phy* >•., LG) 14, 433 (1SSS). (5) Pace, Ath accad. 
Lui(n > 10, 193 (1929) [C. A., 24, 13GU (1930)]. 
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lions, to effect the following reaction between boron trichloride and 
benzene. 102 & 

C«H 6 + BCls CJIiUCIa + HC1 

However, even if it be granted that the related aluminum chloride will 
react in an analogous manner and under the relatively moderate condi- 
tions existing in a Friedel-Crafts reaction, it is still necessary to consider 
the relative reactivities of mixed compounds like IIAICI 2 and R 2 A1C1. 
Confining attention to the two most important Friedel-Crafts reactions 
ketone formation and alkylation, present evidence is inadequate to rule 
out the participation of intermediate organoaluminum compounds // 
such organometallic compounds are formed. Complexes between 
ketones and aluminum chloride do not give condensation products when 
treated with organoaluminum halides under moderate conditions, and 
the ketones are recovered upon hydrolysis. Furthermore, highly satis- 
factory yields of ketones and keto acids are obtained by interaction of 
ether-free organoaluminum halides with acid chlorides or acid anhy- 
drides. 

In alkylation reactions, etherates of phenylaluminum iodides 
and alkyl iodides yield small quantities of homologs of benzene together 
with large amounts of resins. 103 However, when ether-free organu- 
aluminum halides are used, the homologs of benzene are obtained in 
satisfactory yields with no resin formation. 

Scandium, Yttrium, and Lanthanum. Triethylscandium and tri- 
ethylyttrium have been prepared from the metallic chlorides and ethyl- 
magnesium bromide. These organometallic compounds have been 
described as liquids which oxidize readily and art; decomposed promptly 
by water. 101 

Free alkyl radicals have been shown 105 to react readily with lan- 
thanum by the Paneth technique. This indicates that a compound 
like trimethyllanthanum may have been prepared, even though there 
is no present information concerning its properties. 

103 Leone and co-workers, Gazz. chim. ital., 55, 294, 301, 300 (1925). 

m Piets, Cmnpt. rend. acad. sci. I'M.S.S., 20, 27 (1938) [C. A ., 33, 2105 (1939)]. 

105 Rice and Rice, "The Aliphatic Free Radicals,” The Johns Hopkins Press, Baltimore 
(1935), p. 58. 
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GROUP III. B-FAMILY 

[Ga, In, Tl] 

The R 3 M types of gallium / 00 indium / 07 and thallium 108 are generally 
prepared by reaction of the metal with a mercurial or by interaction 
of the halide salt with RMgX or RLi compounds. 

In general, these compounds are of moderate reactivity, but less 
reactive than the Grignard reagent. For example, they react with 
benzaldehyde, benzalacetophenone, and benzoyl chloride, but not with 
benzonitrile. As evidence of their moderate reactivity they undergo 
1,4-addition, but no 1,2-addition, with benzalacetophenone (p. 511). 
Also like other moderately reactive 11M compounds, they react more 
promptly with benzoyl chloride than with benzophenone (p. 501). 
Although only one phenyl group in triphenyl thallium reacts under 
customary conditions, all three groups in RjjGa and R^In compounds 
are involved with some reactants. In this latter connection it is of 
interest that diphenylindium iodide and plienylindium diiodide react 
with benzoyl chloride. 107 ® 

The following order of decreasing reactivities has been estab- 
lished: 106 ®’ l<)7 “ , l0S ® R 3 I 11 , R-jGa, R 3 TI. 

Three incidental reactions are noteworthy. First, both triphenyl- 
thallium and diphenylthallium bromide react with metallic mercury 
to give diphenylmercury. 108 ® These metal-replacement, reactions, which 
arc probably equilibria, are interesting because of the ready formation 
of a less reactive RM' compound (diphenylmercury) from an RM 
compound and a metal. Second, a prompt metal-metal interconversion 
occurs between triphenylthallium and n-butyllithium. 109 

(CJIi),Tl + 3«rCJI®Li -> 3CeH|Ui + (n-C 4 H 9 ) 3 Tl 

Third, triphenjd thallium is converted in a boiling xylene solution 
to phenylthallium and biphenyl. 109 

(C 6 H 5 ) 3 T1 -> C c H & Tl + Cells -CeHs 

This phenylthallium is actually more reactive than triphonylindium 
and decidedly more reactive than triphenylthallium, but less reactive 

11)6 (a) Gilman and Jones, J. Am. Chcm. Soc., 62, 980 (1940). ( b ) Dennis and Patnode, 
54, 182 (1932); Kraus andToonder, ibid., 55, 3547 (1933); Renwanz, Ber., 65, 130S 
0932 ). 

167 (ft) Gilman and Jones, J. Am. Chem . »S '<uc., 62, 2353 (1940). (b) Dennis, Work, 
k«‘how, and Chamot, ibid., 56, 1047 (1934); Sehumb and Crane, ibid., 60, 300 (1938). 

11,8 (ft) Gilman and Jones, ibid., 61, 1513 (1939). (b) Groll, ibid., 52, 29 US (1930); 
•U'nzies and ('opo, J. Chem. Soc., 2862 (1932) ; Birch, ibid., 1132 (1934). 

10 Gilman and Jones, J. Am. Chem. Soc,, 62, 2357 (1940). 
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than a Grignard reagent like phenylmagnesium bromide. In the 
absence of a reactant, the transitorily formed phenylthallium is readily 
converted to triphenylthallium and metallic thallium, probably by way 
of diphenylthallium. 

6C 6 H 5 T1 3T1 + 3(C 6 H 5 ) 2 T1 ^ T1 + 2(C 6 H & ) 3 T1 

Coordination Compounds (p. 1879). Organogallium compounds are 
peculiarly appropriate for illustrating some effects of coordination com- 
pounds in organometallic chemistry. The simple tricthylgallium 
[(CoH^Ga] reacts violently with water; the etherate [(CoHs^Ga- 
(CoH^O] vigorously; and the ammine [(CVH.vJaGa'NHa] only very 
slowly. 1066 

Triphenylgallium only gives a Michler’s ketone color test when an 
excess of the RM compound is heated in a benzene solution with the 
ketone. The. color which develops is much weaker than that observed 
with the related triphenylthallium, which is less prone to form co- 
ordinate linkages. 

Varying coordination effects of solvents may influence profoundly 
the relative reactivities of RM compounds. For example, an ether 
solution of Michler’s ketone with one equivalent of phenylmagnesium 
bromide regenerates most of the ketone on hydrolysis. 1100 1 6 However, 
when benzene is used as the medium, there is less tendency for coordi- 
nation formation, and addition to the carbonyl group to give a carbinol 
is pronounced. Phenyllithium, winch is distinctly more reactive than 
phenylmagnesium bromide, has very little tendency to form coordina- 
tion linkages. Actually, phenyllithium reacts promptly with Michler's 
ketone, in either benzene or ether, and none of the ketone is recovered 
on hydrolysis. 

Several broad generalizations can be made concerning coordination 
compounds in organometallic chemistry. First, the slow reaction or 
the essential absence of reaction between some carbonyl-containing 
compounds (like ketones and esters) and moderately reactive RM 
compounds is due in part to the formation of coordination compounds. 
Second, the less reactive RM compounds have a generally greater 
tendency to form coordinate compounds. Third, the variations in the 
order of reactivities of some functional groups (p. 501) with different 
RM compounds may find an explanation in the varying stabilities of 
coordination compounds. Fourth, the generally greater reducing action 
of moderately and less active RM compounds may be due, in part, 

110 (a) Gilman and Jones, ibid., 62, 1243 (1940); 63, 1102 (1941). <&) PfcifTer airi 
Blank, J. prakt. Cftern., 163, 242 (1939). See, also, Shriller and Sharp, J> Org. them., - 
575 (1939). 
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to the greater tendency of such compounds to form coordinate linkages. 
Fifth, solvents can markedly influence RM reactions as a consequence 
of varying coordination tendencies. 

GROUP IV. A-FAMILY 
[Ti, Zr, Hf, Th] 

Numerous attempts have been made to prepare organotitanium and 
organ ozirconium compounds, but without unequivocal success. 111 
Titanium and zirconium chlorides are reduced to lower halides, and 
possibly to the metals, in reactions with RMgX and RLi compounds. 
In these reactions, the R groups may couple; disproportionate to give 
R + H and It — H compounds; or abstract hydrogen from the solvent 
to give RII compounds. The nature of the R group has a marked 
influence, phenyl radicals giving predominantly biphenyl, and methyl 
radicals almost exclusively methane. 109 


GROUP IV. B-FAMILY 
[Ge, Sn, Pb] 

Germanium. In 1871 Mendel&ff predicted that ckasilicon (ger- 
manium) would form volatile organometallic compounds such as the 
tetraethyl derivative. This was verified in 1886 by Winkler, who dis- 
covered germanium. During an interval of about forty years practi- 
cally nothing was done with these organometallic compounds, but 
more recently the field has been enriched, particularly as a consequence 
of the studies by Morgan and Dennis and Kraus. 

The simple organogermanium compounds are best prepared by 
interaction of germanium tetrachloride with cither the Grignard reagents 
or organozinc compounds. Two special methods of preparation are 
noteworthy. One is direct mctalation of amines which undergo facile 
nuclear substitution. 

2(Cj]J,) s NC«H, + 2 C.cC 1 4 — -■> [(C 3 H s ),XCeIl4O0] s 0 

■The other is an interesting reaction which has also been used for organo- 
tm and organ olead compounds. 112 

[Ge ++ Cl 3 ]-Cs+ + RI -* RGeCl 3 + Csl 

m Patcrnd and Peratoner, Dcr., 22, 467 (1880); Razuvaev and Bogdanov, J. Gen. 
Ck ' m ‘ 3, 367 (1933) A., 28, 2340 (1934)]; Piets, ibid., 8, 1298 (1938) [C. .1., 

33 ’ 4193 (1939)]. 

112 Tchakirian and Lewinsohn, Ann. chim., 12, 415 (1939). 
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In this reaction, it is essential that the metal in combination with 
halogen does not have its maximum electrovalence and that it can in 
addition form a complex with alkali halides. 

There is a regular gradation in properties of the compounds having 
R groups attached to carbon, silicon, germanium, tin, and lead. First, 
tlie thermal stabilities decrease so that oi’ganolcad compounds are the 
least stable thermally. Second, the tendenc3 r to form large molecules 
with the central element joined directly to itself decreases in the same 
order. A compound having six germanium atoms has been prepared as 
follows. 

CeHsGeCls + K -» — Gc=Gd Ge=Go Ge=Ge— 

i i i i i i 

C’jJis C 6 U 6 Cell 5 C 6 Hs C 6 H 5 C t ll 5 

the terminal valences not being united to give hexaphenylgermano- 
benzene, as was supposed originally . 113 Third, the tendency to form 
mixed hydrides like RMH 3 , R 2 MH 2 , and R 3 MH is lowest with the 
organolead compounds. Fourth, the rate of cleavage by halogens or 
acids is greatest with organolead compounds. 


R 4 M + X 2 -> R 3 MX, RjAIXs, RMXj + RX 
R 4 M + HX -> R a MX, R,MX* + RII 

Fifth, although none of the compounds adds lo a simple unsaturated 
linkage like the carbonyl group in aldehydes, the organornetallic com- 
pounds undergo cleavage with acid halides and some reactive alkyl 
halides, the organolead compounds again being cleaved most readily. 

R 4 M + R'COCl -► RCOR' 

R 4 M + CH 2 =CHCH 2 Br -> RCII 2 CH- C1I 2 

Tin. The best general method for the preparation of simple 
organotin compounds, both aliphatic and aromatic, is the reaction 
between a stannic halide and the Grignard reagent. 

4RMgX + SnCU —► IGSn + 4MgX 2 

Among special methods for the preparation of organotin compounds, 
three arc of particular interest. In the Meyer reaction, an alkylstannic 
acid is prepared from potassium slannite . 114 

KSnOOK + RI -> RSnOOK + KI 

1,3 Schwarz and Schmeisscr, Bi.t., 69, 579 (1930). 

m Meyer, Her., 16, 1439 (1883); Pfeiffer and Lohnardt, Ber., 36. 1054 (1903). 
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Another method is illustrated by the following reaction: 11 6a 

R 2 Hg + SnX, -> R 2 SnX 2 + Hg 

In a third procedure, the double salt of a diazonium compound with 
stannic chloride is treated with a finely powdered metal like copper. 1156 

(RN 2 Cl)**SnCU -* R 2 SiiC 1 2 

The conversion of R 4 Sn compounds to R 3 SnX, R 2 SnX 2 , and RSnX 3 
types can be effected not only by halogens and halogen acids, as men- 
tioned previously, but also by interaction with stannic halides. 

R4S11 + S11CI4 RsSnCl, R^SnCb, RSnCl 3 


These reactions can be carried out in stages so that a 75 per cent yield 
of tri phenyl tin chloride is obtainable from tetraphenyltin and stannic 
chloride. Related cleavage reactions can be realized with other com- 
binations. 116c 


R 4 Sn + 2 KSnXi 
R3S11X + RS11X3 
2R 3 SnX -f- SnX4 



■> 


R 2 SnX 2 


R4S11 + R 2 SnX 2 -> R 3 SnX 


CleaVage is also effected by a variety of organic compounds con- 
taining halogen, among which are the alkyl and acyl halides mentioned 
earlier; 116a by hydrogen; 796 and by sodium in liquid ammonia. 1166 

The mixed organolin halides react with sodium in liquid ammonia 
as follows : 

R 2811X3 + 4Xa -> RaSnXa, + 2XaX 

The sodium-tin compounds, R 2 SnNa 2 and R 3 SnNa, are useful syntheti- 
cally, and among their many transformations is hydrolysis by ammonium 
chloride or bromide to give hydrides. For example, disodiumdiphenyltin 
Rives diphenyl tin dihydridc. 117 

(CcHJsSnKa* + 2NII 4 Rr -> (C«II*)*SnH* + 2NaHr + 2NH 3 

!!i («) Nesmeyanov and Kocheshkov, Ber., 63. 2496 (1930). (6) Kocheshkov, Nes- 

‘“'yanov, and Klimova, ./. Gen. ('hem. (U.S.S.R.), 6, 107 (1930) [C. A., 30, 4S34 (1930)]. 
(f > Kocheshkov, J. Gen. Chem. ( U.S.S.K . ), 5, 211 (1935) [(*. A., 29, 5071 (1935)]; Boba- 
shiiwkava and Kocheshkov, ibid., 8, 1850 (1938) [('. A., 33, 5S20 (1939)]. 

116 (a) Bost and Borgatrom. J. Am. Chem. Soc., 51, 1922 (1929). (6) Kraus and Sea- 
eiyriH - ibid., 47, 2361 (1925) ; Kraus and Foster, ibid., 49, 457 (1927). 

117 Chambers and Scherer, ibid., 48, 1054 (1926). 
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Lead. The preparation and properties of organolead compounds 
are very much like those of organotin compounds. 118 Tetraethyllead, 
the most important organolead compound, is prepared technically, 
for use as an anti-knock compound, from ethyl chloride and sodium-lead 
alloy. 

C2H5CI + Xa(Pb) -> (C 2 H 5 ) 4 Pb 


The following reactions used for the preparation of an organolead 
compound having four different groups attached to lead illustrate the 
preferential cleavage of radicals and the general procedure employed 
for the synthesis of a wide variety of unsymmetrical organometallic 
compounds 119 (p. 424). 


(C«II s ),Pb (C 6 H,),PbCl (C 6 H s ) a PbC,H,-n 


IICI 


(C«II 6 )(»-C 3 H 7 )PbCl 2 


w-CHjCelfjMgBr 
> 


(C «H 1) (n-C 3II7) Pb(C 6H4CH3-0) 2 > 


(C gH 5) ( n-C 3H7) (o-C H 3 C ell 4) PbC l 


It will he observed that experimental conditions can be so ordered 
that hydrogen chloride cleaves one or two radicals, as is also true of 
cleavage by halogens. The order of increasing ease of cleavage of radicals 
is: w-propyl, phenyl, o-tolyl. Somewhat related reactions have boon 
used for the synthesis of asymmetrical organogormanium and organotin 
compounds, both types being subsequently resolved to optical isomers. 

No organolead compound has as yet been resolved. When the 
phenyl-n-propyl-o-tolyllead chloride was treated with an optically active 
organolithiuin compound, 

C 3 H 7 ch 3 C s H 7 ch 3 

I III 

CbHb— P b—Cl + LiCelLO— C— II C 6 H 6 — Pb— C 6 H 4 0— C— H 

I III 

C«H 4 CH, C 6 H, 3 C 6 H 4 CH 3 CeHu 

the resulting optically active compound was an oil which could not be 
separated into its two diastereoLsomers. 

A 11 interesting and ingenious application of radioactive organo- 
metallic compounds might be mentioned here. In quantum yield studies 
concerned with the photochemical decomposition or photolysis of 

118 Calingaert, Chem . Rev., 2, 43 (1925) ; Gilman and Bailie, J. Am. Chem. Soc., 61, 
(1939). 

1,3 Austin, J. Am. Chem. Soc., 55, 2948 (1933). See, also, Krause and Schlottig, & L r " 
58, 427 (192/ij. 
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organolead compounds, the quantities of free radicals formed are so 
small that ordinary analytical methods arc inadequate for their exact 
measurement. Accordingly, the extremely sensitive method of radio- 
active indicators has been employed. The metallic mirror used to cap- 
ture the free methyl and ethyl radicals is a radioactive metal like 
radium D. Actually, the radioactive deposit is so slight as to be invisible, 
but it suffices to pick up the free radicals; and the newly formed alkyl- 
radium D compounds prepared in this manner are carried along to a 
cooled part of the tube (the Paneth technique) (p. 613) and measured 
by the usual, highly sensitive radioactive methods. 1200 

GROUP V. A-FAMILY 

[V, Cb, Ta, Pa] 

There is no decisive evidence for the existence of an organometallic 
compound derived from a metal in the A-family of Group V. Several 
inorganic vanadium compounds, particularly the halides, have been 
treated with Grignard reagents. The general products arc reduced 
vanadium salts, R-R compounds, and possibly some organo vanadium 
compounds. 120 * 

Columbium penlachloride and tantalum pentachloride react with 
aromatic hydrocarbons, evolving hydrogen chloride and yielding 
intensely colored, non-crystalline compounds of the following types : 1210 

CbC] 4 C 10 H 7| TaCLAHs, TaCl^CioII:)* 

Related compounds have been reported from reactions with vanadium 
tetrachloride. 121 * 

It appears likely that greater success will attend the preparation of 
these RM types if the Grignard reagent or other moderately reactive 
organometallic compounds be treated with halides in the lowest valence 
state. The reaction between tantalum pentachloride and RMgX or 
RLi compounds leads to the formation of a lower halide of tantalum 
and RII compounds, methane being the chief hydrocarbon when CH 3 M 
types are used. 

1J ° («) Leighton and Mortensen, J. Am. Chem. Soc., 58, 448 (1936) ; see, also, Burton, 
Ricci, and Davis, ibid., 62, 265 (1940). (6) Vernon, ibid., 53, 3831 (1931) ; Kirsanov and 
Ionova, J . Gen. Chem, (U.S.S.R.), 5, 950 (1935) [t\ A., 30, 1025 (1930)]. 

1-1 (a) Funk and Niederliinder, Bit., 61, 1385 (1928). Pee Atanasyev, Chemistry & 
Industry, 59, G31 (1940), concerning the possible formation of highly unstable phenyltan* 
ta lum compounds. (5) Mertes and Fleck, J. Ind . Eng. Chem., 7, 1037 (1915). 
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GROUP V. B-FAMILY 
[Sb, Bi] 

The trialkyl and triaryl derivatives of nitrogen, phosphorus, arsenic, 
antimony, and bismuth show regular gradations in properties. Many 
of the variations in properties might have been predicted on the basis of 
organomctallic characteristics reaching a maximum with the bismuth 
compounds. (1) The thermal stabilities decrease with increasing atomic 
weight of the central element. (2) The inflammability is greatest with 
the organobismuth compounds. (3) The tendency to form R 3 MX 2 
types by the addition of halogens decreases with descent in the family. 
Alkyl 3 Sb + X 2 -+ Alkyl 3 SbX« 

Actually, the trialkylbismuth compounds do not give such salts; instead 
one or two R groups are cleaved. 

Alkyl, Bi + X 2 -> Alkyl-BiX + Alkyl BiX, + Alkyl X 

The triarylbismuth compounds add halogens to give triarylbismuth 
dihalides. (4) The formation of onium compounds, by addition of an 
alkyl iodide, decreases generally. Trimethylantimony adds methyl 
iodide slowly to give tctramethylantimony iodide, 

(CII,),Sb + 01,1 -> (CII,) 4 SbI 

but trimethylbismuth does not add methyl iodide. 122 * 1 

The best general method for the preparation of trialkyl and triaryl 
compounds of antimony and bismuth is the reaction between a halide 
and the Grignard reagent. 

SbCl, + CIIaMgl -> (CH,)aSb 
Bids + CfiII,MgBr -> (C 6 II,),Bi 

The Bart reaction 1226 used for the preparation of arsonic acids is 
applicable to the stibonic acids, Aryl-SbO^Ho, but not to the analogous 
bismuth compounds. However, it has recently been shown that organo- 
bismuth compounds can be prepared from diazonium compounds by 
the following typical sequence of reactions. 1220 

2C«H 5 X 2 C1 + BiClj > (C«H*X 2 Cl) 2 -BiCl s 

(C 6 H 6 X 2 Cl) 2 BiCI., - “> (C«H 5 ) 2 BiCl 

3(C«II 6 ) 2 BiCl — > 2(C 6 H 5 ),Bi 

122 (a) Davies, Norvick, and Jones, Bull. soc. chim., 49, 187 (1031). (5) Bart, Ann., 429. 
55 (cj Gilman and Yablunky, J. Am. CVtem. Soc., 63, 040 (1941). (</) Gilman :m<l 

Yublmiky, ibid., 62, 665 (1940). See Gilman and Barnett, Rec. irav.chim., 65, 503 (1036', 
for the use of hydrazine for converting other RMX compounds, like RllgX, to the cor- 
responding R 2 M types. 
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The intermediate compounds have been isolated; and hydrazine appears 
to be a reagent of choice for converting arylbismuth halides to triaryl- 
bismuth compounds. 122 ** 

Studies by Challenger and co-workers, particularly with organobis- 
mulh compounds, have demonstrated that organobismuth compounds 
undergo more ready cleavage than organoanlimony compounds. The 
cleavage reactions have been carried out with a wide variety of inorganic 
halides and some alkyl and acyl halides. 123 ® 

(C.H|),Bi + HgCl a -> CeHsHgCl + (C 6 H*) 2 BiCl 
(C c H 5 ) 3 Bi + CgHbCHoCI -> CtfI i CH 2 C 6 TU + (C fl II») s BiCl 
(C 6 H 8 ),Bi + CHjCOCl -> CeHjCOCHs + (C 6 H 5 ),BiCl 

No addition of either an organoantimony or an organobismuth com- 
pound to a simple functional group like the carbonyl group in aldehydes 
has been reported. 

Organoantimony and organobismuth compounds undergo metal- 
metal in ter con version reactions with organoalkali compounds .' 123 b 

(Cell 5) 38b + Syt-CjHftLi — * 3 CfiHfiLi -1- (/i-CdhlaSb 

(p-CIiaCeH^aBi + 3fi-C 4 H 9 Xa -> 3p-CH 3 C 6 II 4 Xa + (n-CJtJiBi 

In liquid ammonia, R 2 SbX and R 2 BiX compounds react promptly 
with lithium, sodium, potassium, calcium, and barium to give deeply 
colored R 2 SbM and R 2 BiM types. 123 "' 

(C c H 5 ) 2 BiBr + 2Xa (C 6 H 6 ) 2 BiNa + XaBr 

These dimetallic compounds undergo ready reaction with RX com- 
pounds and provide one of the better procedures for the preparation 
of unsymmctrieal organoantimony and organobismuth compounds. 123 d 

RaBiM + R'X -> R 2 R'Bi + MX 

They also undergo a halogen-metal interconversion reaction in liquid 
ammonia. 

(Cellfi)aBiXa + a-CioHyl — > (CeHt)sBiI + a-CioIUNa 

The stability of organobismuth compounds varies markedly with 
the type of compound (R 3 Bi, R 3 BiX 2 , R 2 BiX, RBiX 2 ), and the char- 
acter and position of substituents in the R group. Among the most 
stable compounds arc the triarylbismuth diclilorides, and a compound 

123 (a) Challenger and Ridgway, ./. Chcrn. Soc., 121, 104 (1922). (6) Gilman, "\ablunky, 
ai ‘d Svigoon, J. Am. Chem . Soc., 61, 1170 (1939). (c) Gilman and Yablunky, ibid., 63, 
212 U941). (d) Gilman and Yablunky, ibid., 63. 207 (1941). (c) Supniewski and Adams, 
ibid -> 48, 507 (1920). 
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like tri-p- 1 oly lbismu th dichloride can be oxidized to tri-p-carboxypheny]- 
bismuth dichloride by means of potassium permanganate or chromic 


acid. 123e 


(p-CH 3 C 6 H 4 ) sBiCls -* (p-H0 2 CC 6 H4) 3 BiCl 2 


Extensive studies 124 of compounds like (C 6 H 5 ) 3 BiX 2 have shown that 
the order of decreasing stability of the dihalides is: R 3 BiCl 2 , R 3 BiBr 2j 
R 3 BiI 2 . However, with R 2 BiX types in liquid ammonia, the order is 
reversed and the R 2 BiI compound is most stable. 1230 

A sensitive test, known as color test III, is characteristic not only 
for triarylbismuth dihalides but also for the more reactive arylmetallie 
compounds like those of sodium, lithium, and magnesium. 80 The 
bolor test, when used for reactive arylmetallie types, is carried out readily 
by adding 1 cc. of the RM solution to 1 cc. of an approximately 1 per cent 
solution of triphenylbismuth dichloride in dry benzene. With aryl- 
lithium and arylmagncsium compounds a deep purple color forms 
instantaneously. The reaction mechanisms of this color test are as yet 
unknown. It is interesting that triarylarsenic dihalides and triaryl- 
antimony dihalides do not give the test. Using phenylmagnesium 
bromide, a positive test is obtainable with 1 cc. of a 0.0039 molar solu- 
tion of triphenylbismuth dichloride. 

GROUP VI. A-FAMILY 

[Cr, Mo, W, U] 

Numerous attempts have been made to prepare organomctallic 
compounds of molybdenum, tungsten, and uranium. When the method 
has involved interaction of the halide salt with the Grignard reagent, 
the course of reaction has resembled markedly that noted with halides 
of the A-family of Group V : namely, reduction of the salt, coupling to 
form R-R compounds, and the very doubtful formation of organo- 
metallic compounds. 125 However, recent preliminary studies have shown 
the possibility of preparing some complex phenylmolybdonum and 
phenyltungsten compounds. 126 ® 

The studies by Ilein and co-workers mi have provided a good picture 
of organochromium compounds. The chief reaction product of chromic 

124 Challenger and Richards, J. Chem. Soc., 405 (1934). 

125 Bennett and Turner, J. Proc. Roy. Soc. N. S. Wales, 53, 100 (1919) (C. A., M. ^ 
(1920)]; Lai and Dutt, J. Indian Chem.. Soc., 12, 389 (1935) [C. A 30, 452 (1930)]. 

12fl (a)Hein, Nulurvdxaen scluif te n, 28, 93 (1940); Angelo. Chem., 51, 503 (1938). (^ 
Hein and co-workers, Per., 54, 1910, 1936, 2710, 2727 (1921); Ber., 57, 8, 899 (1924); 
Ber., 59, 362, 751 (1920); Ber., 61, 2255 (1928); Ber., 62, 1151 (1929); J. prakt. Chem., 
153, 160 (1939). 
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chloride and phenylmagnesium bromide is pentaphenylchromium bro- 
mide, 

5C 6 H 5 MgBr + 4CrCl 5 (C«H 5 ) & CrBr + 2MgBr 2 + 3MgCl 2 + 3CrCl 2 

which with alcoholic potassium hydroxide gives pentaphenylchromium 
, hydroxide. This strongly basic hydroxide undergoes an unusual reaction 
when salts are prepared from it either by the action of acids or by 
double decomposition with alkali salts: a phenyl group is removed and 
tetraphenylchromium salts result. However, tetraphcnylchromium 
hydroxide (prepared from tetraphenylchromium iodide and silver 
hydroxide) behaves normally to give tetraphenylchromium salts. 

(CeII 5 ) 4 CrI + AgOII -► (CJIs^CrOII ^ (C 6 II 5 ) 4 CrX 

Among other products of the reaction between chromic chloride and 
phenylmagnesium bromide are tetraphenylchromium salts and tri- 
phcnylchromium salts. These, when electrolyzed in liquid ammonia, 
give the highly unstable, simple organochromium compounds: tetra- 
phenylchromium, [(CeHs^Cr],,, and triphenylchromium, [(CeHs^Cr]*. 

In color, the organochromium compounds resemble markedly the 
inorganic dichromates. All the organochromium compounds reported 
are relatively unstable thermally and quite sensitive to light and oxygen. 
The alkylchromium compounds appear to be particularly unstable, and 
none has been isolated, 

Pentaphenyl-, tetraphenyl-, and triphenylchromium hydroxides arc 
strong bases, the conductivity increasing with a decrease in the number 
of phenyl groups. 

There is no report of the addition of an organochromium compound 
to an organic unsaturated grouping. Although practically nothing has 
been done on the possible reaction of organochromium compounds 
with organic compounds, it appears reasonable to expect that they 
will react with some alkyl and acyl halides after the manner of organotin 
compounds, 

GROUP VI. B-FAMILY 

[Po] 

No study has been reported on organopolonium compounds. 
Polonium hydride, however, has been found to be less stable than 
bismuth hydride. 127 One may predict that organopolonium com- 
pounds will be found to be less stable than organobismuth compounds. 
Superimposed on such thermal instability will be the relatively short 
half-life period of the radioactive compound. 

127 Paneth and Joliannsen, Her., 55, 2622 (1922). 
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GROUP VH 

[Mn, Ma, Re] 

Organomanganese compounds, prepared by interaction of manganous 
iodide with Grignard reagents or organ olithium compounds, are inflam- 
mable and of moderate thermal stability. They are promptly decom- 
posed by water, yielding the parent RH compound, and they react 
with the usual organic functional groups at a rate somewhat like that 
observed with organoaluminum compounds. Accordingly, they arc tin; 
most reactive of all known organ omctallic compounds in Groups IV, 
V, VI, VII, and VIII, 

No study has been reported concerning organomasurium compounds. 

Interaction of rhenium trichloride with iiietliylmagnesium iodide 
has been reported to give trimethyl rhenium, an almost colorless oil, 
heavier than water, not very inflammable, and decomposable slowly 
by hydrogen peroxide to give perrhenic acid. 1 - 80 However, there may 
be as yet unexplained catalytic influences, for according to recent 
studies this reaction yielded almost exclusively methane and ethane. 128 *' 

GROUP VIII 

[Fe, Co, Ni, Ru, Rh, Pd, Os, Ir, Pt] 

Very few organometallic compounds of Group VIII metals have been 
described. Apart from some organoiron compounds, for which there is 
indirect evidence, the only organometallic types isolated and studied 
in any detail have been some methylplatinum compounds. 

Ethyliron chloride has been prepared from ethylzinc iodide and 
ferrous chloride. 

FeCl 2 + C 2 H 5 ZnI -> C 2 H 6 FeCl + ZnClI 

The same product is obtained from ferric chloride, which presumably 
is first reduced to ferrous chloride. 129 

2FeCl 3 + C 2 II 6 ZnI -> 2FeCl 2 + C 2 H & I + ZnCl 2 
Phenyliron iodide has been prepared by a corresponding reaction. 130 

2FeI 2 T 2CfiII & ZnCl — * 2 CcH 5 FeI d - ZnCl 2 -|- Znl 2 

128 (a) Druce, J, Chcm, Hoc., 1129 (1934). (6) Gilman, Jones, Moore, and Kolbezen. 
J. Am. Chcm. Soc., 63, 2525 (1941). 

129 Job and Reich, C'ompt. rend., 174, 1358 (1922). 

130 Champctier, Dull. soc. chim., 47, 1131 (1930). 
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The chief evidence in support of the organoiron compounds is the forma- 
tion of ferrous hydroxide on hydrolysis. 

2RFeX + 2H 2 0 2RH + Fe(OH) 2 + FeX z 

When iron halides are treated with Grignard reagents the reaction pro- 
ceeds predominantly to the formation of coupling (R-R) compounds. 
Practically quantitative yields of biphenyl have been obtained from the 
reaction between phenylmagnesium iodide and halides of the Group VIII 
metals. 131a The lesser yields of biphenyl when the chlorides of osmium, 
iridium, and platinum are used suggest that the extent of the coupling 
reaction is a rough measure of the thermal instability of the inter- 
mediately formed organomctallic compounds, the phenylplatinum 
compounds being most stable. 

Trimethylplatinum iodide has been prepared from platinum chloride 
and methylmagnesium iodide. 131 6 

PtCl 4 + 3CII 3 MgI (CII 3 )*PtI + 2MgCU + Mgl 2 

It was subsequently l3lc shown that tetramethylplatinum is one of 
several by-products of the reaction between platinic chloride and 
methylmagnesium iodide. Tetramethylplatinum is prepared con- 
veniently from trimethylplatinum iodide and mcthylsodium. 

(CH 3 ) 3 PtI + CHsXa -► (CII.) 4 Pt 4- Nal 

Hexamethyldiplatinum has been prepared by heating trimcthyl- 
platinum iodide with powdered potassium in dry benzene. l3lc 

2(CIIj) s PtI + 2K -> (CH 3 ) 3 PtPt(CH 3 ) 3 + 2KI 

Organopalladium compounds have been postulated as intermediates 
in the catalytic reduction of aryl halides. ,31d 

Hydrides, carbides, and carbonyls are known of several of the 
Group VIII metals. 

ORGANOMETALLIC “RADICALS" 

Some organomctallic compounds appear to have a metal with 
ft valence lower than normal. These so-called organometallic radicals, 
like triphenyllead, may possibly have a very low concentration of the 
radical present. 

2(C 6 H 6 ) 3 Pb ^ (C 6 H 6 ) 3 Pb— Pb(C 6 II 6 ) 3 

,SI (a) Gilman and T.ich ten waller, J. Am. Chcm . Soc., 61 , 957 (1939); Kharasch and 
Uelds, ibid., 63, 2310 (1941). (h) Pope and Peachey, J, Chern. Soc., 95, .571 (1909). (c) 
'Itnan and Liehten waiter, J. Am . Client. Soc., 60 , 3085 (1938). (d) Busch and Weber, 

PmW. Chem., 146, 1 (1936). 
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However, magnetic measurements have not revealed free radicals, and 
some of the earlier evidence based on molecular-weight determinations 
may be vitiated because of the slow decomposition of the RM com- 
pounds to fragments of relatively low molecular weight. 132 * The special 
properties of such compounds may be due to a very weak metal-metal 
linkage. Some of the organometallic “radicals” have properties sug- 
gestive of a radical like triphenylmethyl. Such characteristics are 
color; marked tendency to assume a normal valence of the metal by 
addition of oxygen, iodine, or metals like sodium; increase in associa- 
tion or polymerization in more concentrated solutions; and dispropor- 
tionation. Some of the “radicals” have properties, such as luster and 
conductance, similar to those of metals. 

Mercury. Some alkylmercury compounds like methylmercury and 
ethylmercury have been prepared 1326 by the electrolysis of alkylmer- 
curic halides in liquid ammonia at a temperature of —60°. The radicals 
were deposited on the cathode, and were found to be unstable. Methyl- 
mercury, for example, shows considerable decomposition even at —33°. 

2CII 3 Hg (CH s ) 2 Hg + Hg 

This tendency of the radical to disproportionate to free metal and an 
organometallic compound having a metal with normal valence is shown 
by many organometallic radicals. 

The metallic characteristics of a compound like methylmercury recall 
the properties of substances like tctramethylammonium, (CH^N. If 
the metallic nature of this group, which itself contains no metal, be 
admitted, then it becomes understandable why compounds like benzyl- 
tetramethylammonium, C 6 ll 5 CH 2 N(CH 3 ) 4 , have been correlated with 
organometallic compounds (p. 530). 

Thallium. Diphenylthallium is probably formed when one equiva- 
lent of sodium is added to a solution of diphenylthallium bromide in 
liquid ammonia. 109 

(C 6 H 5 ) 2 TlBr + Na -> (C«H & ) 2 T1 + NaBr 

There is more compelling evidence for the transitory formation of 
phenyl thallium when triphenylthallium is heated in xylene. 109 

(C 6 H 5 ) 3 T1 -► C 6 H B Tl + C«H 5 ‘C fl H 6 

In the absence of a reactant, the phenylthallium is converted to tri- 
phenylthallium and metallic thallium, probably by way of diphenyl- 
thallium. 

6C 6 H 6 T1 -> 3T1 + 3(C 6 H 6 ) 2 T1 -> T1 + 2(C 6 H 6 ) 3 T1 

13* (a) Morris and Selwood, J. Am, Chem. Soc., 63, 2509 (1941). (&) Kraus, 

35, 1732 (1913). (c) Kraus and Brown, ihifL, 52, 4031 (1930). 



Pyrolysis in xylene, in the presence of reactants like carbon dioxide, 
benzophenone, and benzonitrile, results in the normal additions of a 
moderately reactive RM compound. 

CeHjTl + (C 8 H 6 ) 2 C =0 (C,H 6 ) 3 COH 

Phenylthallium, which is probably the most reactive organometallic 
“radical,” is highly unstable thermally. When phenyllithium was 
added to a suspension of thallous chloride (T 1 C 1 ) in ether, cooled to 
- 70 °, there was an immediate deposition of metallic thallium. The 
subsequent isolation of triphenylthallium indicated that phenylthallium 
was formed initially, but then decomposed in essential accordance with 
the reactions illustrated above. 

Germanium. Diphenylgermanium has been prepared by the action 
of sodium on a diphenylgermanium dihalide in boiling xylene. 132 * 

(CeH 6 ) 2 GeX 2 + 2Na -> (C 6 H 5 ) 2 Ge -> [(C«H 5 ) 2 Ge]4 

In liquid ammonia, sodium reacts with diphenylgermanium to give 
diphenylgermaniuin-disodium. 

(C 6 H 5 ) 2 Ge + 2Na (C 6 H 6 )2GeNa2 

This reaction is quite general with organometallic radicals. The sodium 
derivatives are useful in synthesis, reacting, for example, with alkyl 
halides to substitute alkyl radicals for the sodium. 

Tin. Di-and trivalent organotin compounds of both the aliphatic 
and the aromatic series have been prepared. Diethyltin has been synthe- 
sized in several ways, of which the following arc typical. 133 ® 

(C 2 H 5 ) 2 SnX 2 + Na amalgam — » 

2C 2 H*MgBr + SnCl 2 -► (C 2 H 5 ) 2 Sn + 2 MgX 2 

The diaryl tin compounds have been prepared by related methods, as 
well as by pyrolysis of the dihydride. 133 b 

(C 6 H 5 ) 2 SnH 2 -> (C«H 5 ) 2 Sn + H 2 

The R3S11 compounds are conveniently prepared in liquid ammonia 
by reactions like the following. 133 * 

(ClI 3 ) 3 SnX + Na -+ (CII 3 ) 3 Sn + NaX 
(C 6 H 6 ) 3 SnNa + ClSn(C 6 H 6 ) 3 -> 2(C 6 H fi ) 3 Sn + NaCl 

153 (a) Lowig, A nn., 84, 308 (1852) ; Frankland, Ann., 85, 329 (1853) ; Pfeiffer, Ber., 44. 
!269 (1911). (b) Krause and Becker, Btr ., 53, 173 (1920) ; Chambers and Scherer, J . Am. 
C/tem. Soc., 48 ( 1054 (1926). (c) Kraus and Sessions, ibid., 47, 2361 (1925) ; Harada, 
Che m. Soc. Japan, 4, 266 (1929) [C. A., 24, 1340 (1930)]; Ladenburg, Ann. (SuppL), 
' U872) ; llugheimer, Ann., 364, 51 (1909) ; Chambers and Scherer, J. Am. Chcm. Soc., 

*8, 1054 (1926). 
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In general, both the di- and trivalent organotin compounds react 
readily with oxygen, sulfur, and halogens to give tetravalent types. 

2R 2 Sn + 0 2 -> 2R 2 SnO 2R 3 Sn + X 2 -> 2R 3 SnX 

They add sodium, as mentioned previously, and reduce salts like mer- 
curic chloride and silver nitrate. The alkyl compounds associate or 
polymerize more readily than the corresponding aryl types. When the 
compounds are colored, the color varies with the R group: dicyclo- 
hexyl tin is intensely yellow, and a benzene solution of diphenyltin 
becomes dark red when exposed to sunlight. 

Lead. The general procedures for the preparation of so-callod 
organolead radicals may be classified roughly as reductions and the 
direct introduction of R groups. The best illustrations of reduction are 
the preparation of triethyllead (or hexaethyldilead) by electrolysis of 
triethyllead hydroxide, 134 ® and the reaction of sodium in liquid ammonia 
with triethyllead bromide. 134 bt 135 

(C 2 H&) 3 PbBr + Xa -> (C 2 H*) 3 Pb + XaBr 

The direct introduction of R groups has been effected by interaction of 
sodium-lead alloys and alkyl halides, and by reaction of lead chloride 
with RMgX or RLi compounds. The usual reaction between lead 
chloride and RMgX compounds gives R 4 Pb compounds. 

PbCl 2 + RMgX -* R 4 Pb 

With some Grignard reagents no special procedures are necessary for 
the formation of the radical types. Actually, p-x y ly 1 magnesium 
bromide gives tri-p-xylyllead in 50 per cent yield and no tetraaryllead. 
It appears likely that the di- and trivalent lead types are precursors in 
the formation of most R 4 Pb compounds from load chloride and the 
Grignard reagent or organolithium compounds. 136 This finds support 
in the following observations: (1) In the preparation of IijPb compounds 
the cold's characteristic of R 2 Pb and R ;i Pb compounds are first noticed. 
(2) The di- and trivalent types can be isolated from such reaction mix- 
tures. (3) The R 2 Pb and RsPb compounds are converted to the R 4 Pb 
compounds on the application of heat, in the presence or absence of 
Grignard reagent. 

lM (a) Midgley, Hochwalt, and Calingaert, Am. Client. Sac.. 45, 1821 (1928). See, 
also, Tafel, Ber., 44, 323 (1911j ; Kenger, j Her., 44, 337 (1911) ; and Lbvvig, Ann., 88, 318 
(1853). (6) Calingaert and Soroos, J. Org. Chem 2, 535 (1938). 

13S Gilman and Bailie, J. Am. Chem. Sac., 61, 731 (1939). 

135 Krause and co-workers, Ber., 52, 2165 (1919); Ber.. 53, 173 (1920); Bcr., 54, 2000 
(1921) ; Ber., 55, 888 (1922) ; Muller and Pfeiffer, Ber., 49, 2443 (1916) ; Goddard, ./. Chctn- 
Soc., 123, 1161 (1923) ; Austin, J. Am. Cham. Soc., 54, 3726 (1932). 
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The several transformations may proceed stepwise, 

PbCl 2 + 21iMgX -> R 2 Pb 

Heat 

311, l'b > 2H 3 I’b + 1 ’b 

4R 3 Pb 3RJ’b + Pb 

for the di- is convertible to the tri-, and the tri- to the tetravalcnt type. 
These reactions leading to the formation of an organometailic compound 
with the metal in a normal valence state remind one of the thermal 
decomposition of metbylmercury to dimethylmercury and mercury. 
Actually, however, there may be, under certain conditions, secondary 
transformations in the conversion of PbCl 2 to R 4 PI). One of these 
with n-butyllithium and R 3 Pb or R 3 Pb — PbR 3 is : 

R-jPb — PbR 3 + ft-CjIsLi — > R 3 PbLi 4 RaPbCJirft 
The R 3 Pb compounds add alkali metals in liquid ammonia . 136 
R 3 Pb -p ^a — * R 3 PbXa 

The resulting dimetallic compounds are useful for the preparation of 
iinsyinmetrical [R 3 R'Pb] types. 

R*PbNa + R'X ~> R 3 R'Pb 4- XftX 

Addition also takes place with the binary system, Mg 4- MgBr 2 *=? 
2MgBr, the magnesious halide behaving in many respects like sodium. 

R 3 Pb + [ — MgBr] -> RsPbMgBr 
A similar reaction occurs with triphenylmcthyl . 137 

(CfiH 5 ) 3 C + [-MgBr] (C 6 H 5 ) a CMgBr 

In a general way, the properties of R 2 Pb and R 3 Pb compounds 
closely resemble those of the corresponding organotin compounds. The 
approximate order of decreasing stability is: Aryl 3 Pb, Aryl 2 Pb, Alkyl 3 Pb, 
AlkyI 2 Pb. The number, kind, and position of substituents in the alkyl 
or aryl groups play, of course, a significant part in the properties of these 
several types, just as they do in organometailic compounds having a 
metal with normal valence. 

Bismuth. When diphenylbismuth halides arc treated in liquid 
ammonia with lithium, sodium, potassium, calcium, or barium, the 
following general reaction occurs. 

(C 6 H 6 ) 2 BiX 4- Na -> (C*H s ) s Bi + NaX 

137 Gilman and Fothergill, J. Am. Chcrn . Sue., 51, 3149 (1929); Gomberg and Bach- 
Inarm » ibid., 52 , 2455 (1930). 
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The intense green color of diphenylbismuth (or tetraphenyldibisrauth) 
gives way to the characteristic deep red color of diphenylbismuth- 
sodiura when more sodium is added. 1236 

(C 6 H 6 ) 2 Bi + Na -> (C 6 H 5 ) 2 BiNa 

There is also evidence for the transient existence of dirnethylbismuth 
and diethylbismuth. 138 

Chromium, The triphenylchromium and tetra phony lchromium, 
mentioned with organochromimn compounds, have some metallic 
characteristics highly remindful of compounds like methylmcrcury. 
In particular, each reacts with water with the liberation of hydrogen 
and the formation of the corresponding hydroxide. 

(C«Hi) 4 Ct + H 2 0 — (CfiH 5 ) 4 CrOH ••••(H) 


INTERCONVERSION OF ORGANOMETALLIC COMPOUNDS 

There is an unusual tendency for one organometallic compound to 
be converted to another organometallic compound. Several of these 
interconversions have already been considered. 

1. The so-called radicals tend to revert to organometallic com- 
pounds having the metal with a normal valence. 

2CH 3 Hg -* (CH 3 ) 2 Hg -j- Hg R 2 Pb -> R*Pb -> H 4 Pb 

Phenyltm, which may be formed transitorily in the following reaction, 
C 6 H 6 SnCl 3 + 3Na -* [CellgSn] + 3NaCl 
disproportionates 133 to tetraphenyltin and tin. 

4[C 6 H 6 Sn] -> (C,II|) 4 Sn + 3Sn 

Under corresponding conditions the intermediately formed phenyl- 
germanium polymerizes (p. 558). 

2. The equilibrium between simple and mixed compounds 

R*M + MXi *± 2RMX 

appears to be attained more rapidly with the more reactive organo- 
metallic compounds. That is, diphenylmagnesium and magnesium 
bromide give phenylmagnesium bromide more rapidly than tetra- 
phenyltin and tin tetrachloride give phenyltin chlorides. 

When the metal in the salt MXg is unlike that in the organometallic 

138 Denham, ibid., 43 , 2367 (1921) ; Paneth and co-workers, Bcr., 62, 1335 (1929) ; J 
Chem. Soc ., 366 (1935). 

139 Schwarz and Reinhardt, Ber., 65, 1743 (1932). 
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compound, the reaction can proceed in at least two ways. Either one 
organometallic compound is formed exclusively, 1400 

(C 6 H 5 ) 2 SnCl 2 + HgCl 2 -> C 6 H 5 HgCl 
CH 3 HgOH + C 6 H 6 B(OH) 2 CH 3 HgC e H B + H3BO3 

or a mixture of two different organometallic compounds results, 1406 
(C 6 II 6 ) 4 Pb + BiBr 3 -► (C 6 H 6 ) 2 PbBr 2 + (C 6 H 6 ) 2 BiBr 

Solubility factors have pronounced effects. 

3. The rate of disproportionation of unsymmetrical organometallic 
compounds to the symmetrical types 

2RMR' R 2 M + R' 2 M 

appears to be greater with the more reactive organometallic com- 
pounds, 

4. The following equilibrium 

R 2 M + M' ^ R 2 M' + M 

is generally displaced largely in that direction which gives the more 
reactive organometallic compound. 1410 Numerous experiments have 
been carried out on the expulsion of the metal from an organometallic 
compound by another metal, both with and without a solvent. 1416 The 
direction and extent of displacement are influenced by such factors as 
the ratio of reactants and the ability of the metals to form couples or 
amalgams. It has been suggested that some of these reactions take place 
by way of free radicals. 1415 

R 2 M -> 2R — + M 
2R — + M' -> R 2 M' 

5. The ready interchange of metals suggests the possible inter- 
conversion of two different organometallic compounds. This type of 
reaction has been used for the preparation of the otherwise difficultly 
accessible benzyllithium. 142 

C 6 H 6 CH 2 MgCl + CeH & Li -► C 6 H 5 CH 2 MgC 6 H5 + LiCl 
CeHsCHsMgCeHfi + C 6 H 5 Li C 6 H 5 CH 2 Li + (CcII^aMg 

140 (o) Kocheshkov and Nesmeyanov, J. Gen. Chem. (U.S.S.R.), 4 , 1102 (1934) 

[G A., 29, 3993 (1935)]. (6) Freidlina, Nesmeyanov, and Kocheshkov, Ber., 68, 565 

(1935) ; Gilman and Apperson, J. Org. Chem,., 4 , 162 (1939). 

141 (o) S chi enk and Holtz, Ber., 50 , 262 (1917) ; Ziegler, Ber., 64 , 445 (1931), ( 5 ) Krafft 
and Neumann, Ber., 34 , 565 (1901) ; Hilpert and Griittner, Bar., 45 , 2828 (1912) ; Ber., 46 , 
1675 (1913) ; Steinkopf and Buchheim, Ber. 54 , 1030 (1921) ; Shurov and Rasuvaev, Ber,, 
65 - !507 (1932); Gilman and Marple, Rec. trav. chim., 55 , 133 (1936). (c) Gilman and 
Brown, ibid., 50 , 184 (1931); Rasuvaev and Koton, Ber., 65 , 613 (1932). 

142 Ziegler and Dersch, Ber., 64 , 448 (1931). See, also, Schlenk and Holtz, Ber., 50 , 
252 (1917), and Hein and co-workers, Z. anorg. aRgem. Chem., 141 , 161 (1924). 
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The benzylphenylmagnesium, which is probably formed as an inter- 
mediate, might be expected to disproportionate to dibenzylmagnesium 
and diphenylmagnesium, in which event, the precursory active agent 
would be dibenzylmagnesium. Some other illustrative interconver- 
sions of two different organoinetallie compounds follow: ,43fl 

2CH 3 HgI + (C 2 H 6 ) 2 Zn - (CH 3 ) 2 Zn + (C 2 H s ) 2 Hg + Hgl 2 

(a-Ci 0 H 7 ) 3 Bi + (C«H.).Hg (a.C,oH7)2Hg + (C e H 6 ) 3 Bi + (a-Ci 9 H 7 )(CJI 5 ),Bi 
(C«H,),PbCl + p-CH 3 C.H 4 Li - (C.H«),FbCJI£HrP + (p- CHjC e H 4 ) 4 Pb 

This last reaction illustrates an interchange of radicals resulting in the 
formation of but one class of organometallic compounds, the organo- 
lead compounds. A related reaction 1436 is: 

CJIuBiCl, + CsHaMgBr -» (C & H„) 3 Bi + (C,H 8 ) 3 Bi + (C 6 Hn)(C 2 II 3 ) 2 Bi 

A more complete account of recent studies in tlie interconversion or 
redistribution reaction of some types mentioned in this section is given 
in Chapter 24. 

6. The replacement of radicals has also been observed where but 
one organometallic compound is involved. 

a-C 10 H 7 Br + 7i-C 4 H 9 Li -+ a-C 10 H 7 Li + n-C 4 H 9 Br 

This type of halogen-metal intcrconvcrsion reaction is discussed on 
p. 538. 

7. There are special reactions for the conversion of one type of 
organometallic compound to another type, 

(C 2 H 5 ) 2 Sn + C 2 H 5 I -> (C a Hi)iSnI 

as well as the many general reactions previously considered such as the 
conversion of an R 4 M type to R3MX, R2MX2, and RMX3 compounds 
by the action of halogens and halogen acids. A special reaction involv- 
ing carbides is the formation of some methylmetallic compounds from 
aluminum carbide and salts of heavy metals like mercuric chloride, 
stannic chloride, and bismuth chloride. 144 

A1.C, + HgCb — > CHjHgCl and (CH 3 ) 2 Hg 

The relatively ready interconversion of organometallic compounds 
suggests ionic reactions. However, only the more reactive organo- 

143 (a) Frankland, Ann., Ill, 44 (1859) ; Challenger and Ridgway, J. Chem . Hoc., 121 
104 (1922) ; Austin, J. Am. Chem. Hoc., 54, 3726 (1932). (t) Norvick, Nature, 135, 103S 
(1935). See, also, Challenger, J. Chem. Hoc., 105, 2210 (1914), and Kocheahkov, Nes- 
meyanov, and PusyTewa, Ber., 69, 1639 (1936). 

144 Hilpert and Ditmar, Ber., 46, 3738 (1913) 
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metallic compounds are appreciably dissociated (p. 530). Some studies 
have been carried out to determine whether there is slight ionization with 
the relatively unreactivc organometallic compounds (Chapter 24). 
When radioactive lead salts, like lead chloride and lead acetate, are 
heated with non-radioactive organolcad compounds, like tetraphenyl- 
lead, there is no exchange of lead atoms. When dissociable inorganic 
salts with different acid radicals are used, there is an exchange between 
the active and inactive salts. 145 ® More recent studies have indicated 
a transference of atoms with organometallic compounds. By means of 
the radioactive indicator method, using radioactive isotopes to show an 
exchange of atoms, evidence has been obtained which suggests that both 
radioactive lead and radioactive bismuth can exchange with lead in 
totramcthyllead and bismuth in Irimethylbismuth, respectively, in 
ether solution at room temperature. Because the exchange is not shown 
with trimethyl amine, tetramethyLsilicon, and tetramethyltin it is 
probable that the transference occurs mainly with atoms of the same 
atomic number, and without a break-up of the molecule which would 
be expected if free radicals were involved. 145 * 

Although the evidence for ionic reactions in interconversions is weak, 
particularly where different organometallic compounds are involved, 
it is more likely that ionic reactions are involved in the exchange of 
acid radicals in mixed organometallic compounds. In a compound like 
RMX there may bo interconversions (a) of the R group, (6) of the metal, 
and (c) of the X group. Actually, all three kinds are known, and the 
first two have been mentioned. The following illustrative transforma- 
tions of X groups are readily effected. 

RMOH -> KMCL -> RMF 

Incidentally, the relative stabilities of compounds like (C 6 H l5 ) 3 BiX 2 , 
where X is halogen or a pseudo-halogen, are almost exactly in the order 
determined by the decomposition potentials of the potassium salts in 
water; 140 F, ONC, OCN, Cl, N 3 , Br, ON, SON, I, SeCN, TeCN. 
The fluoride is most stable, and a compound like (CgH^Bll^ is ex- 
tremely unstable. The (CVH^BiX compounds have apparently an 
order of stability which is the inverse of the order ol stability of 
(C' 6 H 5 ) 3 BiX 2 compounds. 

Finally, mention should be made of the formation of an organo- 
mctaJlic compound having two or more different metals from an organo- 

145 (a) Hevesy and Zednneiatar, Bcr., 53, 410 (1920). (h) T.eigU-Smith and Richardson, 
Mature, 135, 828 (1935). 

146 Challenger and Richards, J. Chcm. Hoc., 405 (1934). 
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metallic compound with but one metal. The following reactions 
illustrate the first synthesis of this kind: 147 

CHz — CH2 

(CH 3 ) 2 Sn C1I S (CH 3 ) 2 Sn(CH,) 5 Br 

\ I I 

CHj — CIIj Br 

(CH 3 ) 3 Sn(CH 2 ) 3 Br (CH 3 ) 3 Sn(CH 2 ) 6 MgBr 


(CHj) 3 PbBr 


(CH 3 )3Sn(CH2)6Pb(CII 3 )3 


PHYSIOLOGICAL PROPERTIES 

As a broad generalization it may be stated that organometallic 
compounds are relatively highly toxic, little is known of the odor 
and taste of the moderately and highly reactive organometallic com- 
pounds, partly because of their slight volatility and more particularly 
because the aqueous medium presumably necessary for these sense 
perceptions is ideally suited for decomposing the reactive organometallic 
compounds. Because of the known toxicity of the slightly reactive 
and more volatile organometallic compounds, no intentional taste 
test comparisons have been reported. The odors of such compounds 
are better known, and they vary over wide limits. Some have a 
pleasant fruity bouquet and others are highly obnoxious; some are 
without any appreciable odor and others have ill-defined “characteristic 
odors.” There are highly purified RM compounds which develop an 
odor only after brief contact with the atmosphere. Some chemists who 
have worked closely with particular types can detect minimal quantities 
by a characteristic odor, as, for example, the lowcr-molecular-weight 
dialkylmercury compounds. 

Although it is true that organometallic compounds arc generally 
quite toxic, it is equally true that there are marked variations in toxicity. 
The variations are noted with different classes of organometallic com- 
pounds and also within the same class, depending on the alterations m 
structure of the R groups and the nature of X or the acid radical. 
This makes it understandable why some organometallic compounds 
have actually found application as therapeutic agents and why others 
are being investigated for their possible curative effects. Organoanti- 
mony and organobismuth compounds have been used in trypanosome 

117 Gruttner and Krause, Der BO, 1549 (1917). 



ORGANOMETALLIC COMPOUNDS 


577 


infections; 148a organomereury compounds as disinfectants and diu- 
retics ; 1486 organolead compounds in the treatment of cancer; 148c and 
organogold compounds in the treatment of tuberculosis and arthritis. 
Organometallic compounds have also been used in veterinary medicine 
in the treatment of some forms of coccidiosis, and in botany as seed 
disinfectants to prevent smut diseases of cereals. 

If correlations may be drawn between metallic hydrides and organo- 
metallic compounds, one may conclude that the physiological effects of 
organometallic compounds are not necessarily related to the physiological 
effects of the metal alone or to inorganic salts of the metals. For 
example, tin hydride is the most toxic of all hydrides so far investigated, 
whereas metallic tin and tin salts are apparently without any signifi- 
cant harmful effect on the organism. 1 48 J However, lead and its many 
compounds are generally toxic. 

General biological applications of organometallic compounds have 
been surveyed recently . 149 Indirect but significant contributions of 
organometallic compounds in biological problems have been their 
application in studies of reaction mechanisms and in procedures con- 
cerned with tho structure and preparation of compounds like vitamins, 
hormones, carcinogens, and other biologically potent materials. 


APPLICATIONS 

Undoubtedly the greatest value of organometallic compounds is 
their laboratory use for synthesis. The most important technical 
application is that of tetraethyllead as an anti-knock compound.* It 
is doubtful that any other group of organic compounds combines at the 
same time an astonishingly high utility in the laboratory with an equally 
low usefulness in the works. With increasing reductions in the cost of 
metals and their salts and with newer solvents or with techniques to 
reduce the need of solvents, it is rather likely that industrial uses for 
organometallic compounds will expand. 

Organometallic compounds provide an excellent bridge between 
inorganic and organic chemistry. The contributions of organometallic 

148 (a) Levaditi and L6pinc, Compt. rend., 193, 404 (1931). (b) Slotta and Jacobi, J . 
prakt. Ckem., 120, 249 (1929). (c) BischofT and co-workers, /. Pharmacol, 34, 85 (1928) ; 
Knxuse, Bur., 62, 135 (1929). (rf) Paneth and Joachimoglu, Ber., 57, 1925 (1924) ; Stock 
and Guttmann, Ber., 37, 885 (1904). 

149 Gilman, Science, 93, 47 (1941). Among the good books containing accounts of the 
physiological action of metals and their compounds are; Heffter and Heubner, “Hand- 
|»uch der experimentellen Pharmakologie,” Berlin (1935); and Fischl and Schlossberger, 

Handbuch der Chemotherapie,” Leipzig (1934). 

* Tetraethyllead also has a catalytic effect on various reactions: Gilman and St. John, 
Iicc ‘ trav - chim., 49, 222 (1930) ; Vaughan and Rust, J, Org. Chcm., 5, 449 (1940). 
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compounds to inorganic chemistry have been significant, but less 
numerous than to organic chemistry. There are occasional syntheses 
and analyses of inorganic compounds by means of organometallic 
compounds, but the outstanding uses have been on problems con- 
cerned with valence, atomic structure, chain reactions via free radicals, 
and correlations of physical properties. 150 

In addition to the synthetic applications in organic chemistry, 
organometallic compounds have found extensive application in analysis 
(the Tschugaeff-Zerewitinoff procedure) and in the characterization by 
derivatives of some classes of organic compounds. Organometallic com- 
pounds have been used to broaden our knowledge of many reaction 
mechanisms such as 1,4-addition, allylic rearrangements, rubber vul- 
canization, 151 and reduction by sodium and alcohol, as well as many of 
the condensations effected by sodium. 152 Several series of radicals and 
compounds have been developed by means of organometallic com- 
pounds: the series of radicals based on hydrogen chloride cleavage; the 
scries of functional groups arranged according to relative reactivities; 
and the series of extremely iveak acids. 

Biologically, the organometallic compounds have found use as 
pharmaceutical agents and insecticides. 149 Perhaps the most suggestive 
idea from a biological viewpoint is that by Willstatter 153a on chlorophyll: 
the magnesium linkage in chlorophyll may resemble that present in 
Grignard reagents and be a significant point of reaction with carbon 
dioxide in photosynthesis. 1 53 6 One may then speculate that some of the 
subsequently necessary reductions and condensations leading to carbo- 
hydrates may also involve Grignard-like transformations. To con- 
tinue speculatively, the biologically important catalyst for synthesis, 
hemoglobin, may function as an oxygen carrier, possibly by means 
of peroxide formation due to an organoiron complex. 1530 

From the viewpoint of organic chemistry it is quite likely that some 

150 fa; v. Grosse, Z. anorg. all gem, ('hem., 152, 133 (1926). (h) Jones, Evans, Gill well, 
and Griffiths, J. Chem. Soc., 39 (1935) ; Terenin, J . (’hem. Phys., 2, 441 (1934) ; Thompson, 
J. Chem. Soc., 790 (1934); Thompson and Frcwing, .Vafure, 135, 507 (1935); Gurzuly- 
Janke, J. prakt, Chem., 142, 141 (1935); Pai, Proc. Roy. Soc. (London), A149, 29 (193o) 
[C. *4., 29, 3913 (1935)]; Thompson and Linnctt, Trews. Faraday Soc., 32, 681 (1930) 
[C. A., 30, 4371 (1936;]; Broekway and Jenkins, J. Am. Chem. Soc., 58, 2036 (1936); 
Smyth, J. Org, Chem., 6, 421 (1941). See, also, Dormer, Chem. Rev., 14, 385 (1934), for an 
excellent correlation of organometallic compounds with metallic Balts of alcohols and 
alcohol analogs. 

lil Midgley, Henne, and Shepard, J. Am. Chem. Soc., 56, 1156 (1934). 

1M Chelinzev and Osetrova, Per., 69, 374 (1936). 

151 (a) Willstatter, Ann., 350, 64 (1906). (b) It is interesting to note that recent studies 
[Ruben and Kamen, Am. Chem. Soc., 62, 3451 (1940)] report the isolation of high- 
molecular-weight acids from photosynthetic reactions, (c) Sec Kunz and Kress, 

60, 307 (1927), for an indigo-iron complex which takes up and gives off oxygen. 
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of the significant contributions of organometallic compounds in the 
near future will continue along synthetic lines but on a broader basis 
of more highly selective preferential reactions with compounds having 
polyfunctional groups. The gradations in properties of organometallic 
compounds appear to be such as to warrant the expectation of more 
selective reactions. Obviously, newer types of organometallic com- 
pounds should help bridge some of the present gaps in effecting prefer- 
ential reactions. One may predict that organometallic compounds 
of all the metals will be prepared. The development of organometallic 
chemistry has provided numerous hypotheses concerning the limits of 
preparation of these compounds. Gradually, the hypotheses have been 
narrowed down so that fewer and fewer metals are included in the 
groups which are said to be incapable of forming organometallic com- 
pounds. Some of these earlier hypotheses have been useful in pointing 
out those organometallic compounds which will be prepared with diffi- 
culty; other hypotheses have undergone revision necessitated by the 
preparation of organometallic compounds the existence of which had 
been denied. 150 ® 
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INTRODUCTION 

History of Free Radicals. During the early decades of the nine- 
teenth century the idea of radicals, introduced by Lavoisier in 1785, 
played an important part in the development both of the theoretical 
and experimental side of organic chemistry. Several prominent investi- 
gators, among them Liebig, expressed the conviction that radicals like 
methyl and ethyl could be and would be isolated in a free state. Experi- 
mental evidence in favor of this view was not lacking. In 1815 Gay- 
Lussac 1 prepared cyanogen gas, and, when analysis showed the gas to 
have the composition CN, it was believed that the free cyanogen radical 
itself had been obtained. In 1841 Bunsen 2 reported the isolation of the 
free cacodyl radical (CH 3 ) 2 A8 from the reaction between cacodyl 
chloride (CHg^AsCl and zinc. Frankland 3 (1848-1850) produced what 
he believed to be free ethyl by abstracting the halogen atom from ethyl 
iodide by means of zinc, and in like manner he prepared “methyl” and 
“amyl.” Similar “radicals” were obtained by Ivolbe 4 by electrolysis of 
the salts of fatty acids. In 1850 Frankland announced that the isola- 
tion of these “radicals” disposed of all doubt as to their actual 
existence. 

It was not until 1804, after Cannizzaro had made clear the distinc- 
tion between atoms and molecules, that it was shown that the so-called 
radicals, cyanogen, cacodyl, methyl, and the like, had molecular weights 
double that of the radical and were compounds of the type NC — CN, 
(CH 3 ) 2 As — As(CH 3 ) 2 , and CH 3 — CH 3 . With the advent of the struc- 
tural theory based on the unvarying quadrivalenee of carbon, if was con- 
sidered that radicals were incapable of existence, and this view was held 
for the next forty years (1860-1900). It is true that Ncf 5 in the last 
decade of the nineteenth century sought to prove that free radicals, espe- 
cially those containing bivalent carbon, were intermediates in chemical 
reactions, but the general opinion was given expression in Ostwald’s 
comment in 1896, “It took a long time before it was finally recognized 
that the very nature of the organic radicals is inherently such as to pre- 
clude the possibility of isolating them.” 

Four years later (1900) M. Gomberg at the University of Michigan 
announced the discovery of the free radical triphenylmethyl (CaIIs)3^- 

1 Gay-Lussac, Ann. chim., 95, 156 (1815). 

* Bunsen, Ann., 37, 31 (1841). 

* Frankland, Ann., 71, 171 (1849); 74, 41 (1850); 77. 221 (1851). 

4 Kolbe, Ann., 69 , 257, 279 (1849). 

6 Nef, Ann., 270, 268 (1892) ; 287, 265 (1895) ; 298, 202 (1897). 
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The goal of the earlier chemists had been attained. More important, 
however, than simply marking the end of the quest for free radicals, the 
discovery of triphenylmethyl initiated the study of a most important 
type of compound of significance in all branches of chemistry. 

Discovery of Triphenylmethyl. In 1897 Gombcrg 6 had succeeded 
in synthesizing tetraphenylmethane (Cells^C for the first time. This 
hydrocarbon yielded a tetranitro derivative which, unlike the nitro 
derivative of triphenylmethane, gave no color with an alcoholic solution 
of potassium hydroxide. In order to determine whether this test was 
reliable for detecting the presence or absence of a hydrogen atom on the 
methane carbon, Gombcrg 7 decided to prepare the completely phenyl- 
ated ethane, hexaphenylethane (C 6 H 5 ) 3 C— C(C 6 H 5 ) 3 , and learn the be- 
havior of its hexanitro derivative with alcoholic potassium hydroxide. 
It seemed that this hydrocarbon could be made easily by interaction of 
triphenylchloromcthane and a metal. 

2(C 6 H 5 ) 3 C — Cl + metal — > (Cet^C — CCCeHfi)^ -j- metal halide 

By heating a benzene solution of triphenylchloromethane with silver 
he obtained a colorless solid whose high melting point and sparing 
solubility w r crc analogous to the properties of tetraphenylmethane. Re- 
peated analysis, however, indicated that the compound contained oxy- 
gen. That this conclusion was correct and, furthermore, that the 
oxygen came from the air were shown by running the reaction in an at- 
mosphere of carbon dioxide. Under these conditions the oxygen com- 
pound did not form and evaporation of the solution yielded a crystalline 
hydrocarbon whose composition corresponded to that of hexaphenyl- 
ethane. The same hydrocarbon was isolated when the silver was replaced 
by mercury or zinc. 

The properties of the hydrocarbon were entirely different from those 
of a substituted ethane. Gomberg reported: “The compound is ex- 
tremely unsat.ii rated. A solution of it in benzene or in carbon disulfide 
absorbs oxygen with great avidity and gives an insoluble oxygen com- 
pound. It absorbs chlorine, bromine and iodine. . . . The experimental 
evidence . . . forces me to the conclusion that we have to deal here with a 
free radical triphenylmethyl (CeHs^C— . On this assumption alone do 
the results become intelligible and receive an adequate explanation. The 
action of zinc results, as it seems to me, in a mere abstraction of the 
halogen. 

* Gomberg, Ber., 30 , 2043 ( 1897 ) ; J. Am. Chem. Sac., 20 , 773 ( 1898 ). 

7 Gomberg, {bid., 22, 757 ( 1900 ); Ber., 33 , 3150 ( 1000 ). 
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Now, as a result of the removal of the halogen atom from triphenyl- 
chloromethane, the fourth valence of the methane is bound either to take 
up the complicated group (CeHs^C — or remain as such, with carbon as 
trivalent. Apparently, the latter is what happens.” On this basis the 
extreme reactivity of the hydrocarbon was easily explained: the trivalent 
carbon tends to become quadrivalent and does so by combining with 
other compounds. 



2(C 6 H 5 ) 3 C + I 2 — > 2(C(jH5)3C — I 
2(C e H 6 ) 3 C + 0 2 (CeHslsC — 0 — 0 — C(C 6 H 6 ) 3 

Chemical reactions alone could not exclude the hexaphenyle thane 
structure, and so determinations of the molecular weight were employed 
to decide whether the hydrocarbon was a free radical or its bimolecular 
form. The results indicated that the colorless solid hydrocarbon was 
hexaphenylethane, which in solution dissociates into triphenylmethyl 
radicals until an equilibrium is established. 

2(C 6 H 5 ) 3 C ^ (C6H 5 ) 3 C— C(C 6 H 5 )3 

The identical equilibrium mixture was obtained from both directions: by 
association of the free radicals as they were formed from triphenyl- 
chloromethane, and by dissociation of the previously isolated hexa- 
phenylethane. 

The important observation was made that the free radicals are colored 
while the hexaphenylethane is colorless, and this property of color proved 
useful in observing the progress of dissociation and in detecting the 
presence of the free radicals. When the colorless hexaphenylethane is 
dissolved, the solution remains colorless for a few seconds and then b^8 inS 
to turn yellow. In a short time the color reaches a permanent intensity 
as the equilibrium point is reached. With certain concentrations, it is 
possible to remove the yellow color by reaction of the free radicals with 
oxygen and then observe the regeneration of the color as more free radi- 
cals are formed by dissociation. 
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A large number of hexaarylcthanes were prepared which contained 
a variety of aryl groups, and it was found that all of them possessed the 
property of dissociating into colored free radicals. With the establish- 
ment of the actual existence of free radicals which contain carbon linked 
to only three groups, investigations were launched to determine whether 
other elements could function in a similar manner. These ventures were 
successful, and free radicals are now known in which nitrogen, oxygen, 
and sulfur are linked to an abnormal number of groups. 

free radicals which contain carbon linked to three groups 
Triarylmethyls 

Nature of the Free Radicals. Free radicals such as the triarylmethyls 
are neutral molecules, which, unlike ions, do not possess a charge. The 
dissociation of a hexaarylcthanc is a non-ionic process in which the shared 
pair of electrons between the ethane carbon atoms becomes divided 
equally between the two radicals, a process similar to the formation of 
two neutral atoms from a diatomic molecule. As a result a triarylmethyl 
radical contains an unpaired electron. 


R 3 C:CR 3 2R s O 

The ions of the triarylmethyl group result by ionization of certain salts 
as R 3 CX(R = aryl; X = sulfate, nitrate, etc.) which give the cation 
(RsC) + , and R 3 CNa which yield the anion (R 3 C) — . Electronically 
(p. 1928) the three species — cation, free radical, and anion — may be 
represented as follows : 


R 

+ R 

R 

R : C 

R : C* 

: 0 

R 

R 

. R . 

Triarylmethyl 

Triarylmethyl 

Triarylmethyl 

cation 

radical 

anion 


The ions do not exhibit the unsaturated behavior of the neutral free 
radicals. Frequently the color of the ions differs from that of the corre- 
sponding free radical; thus, the triphenylmethyl anion is intensely red 
while the triphenylmethyl radical is yellow. 

It is almost universally true that molecules contain an even number 
of electrons and as a result are diamagnetic. Among the inorganic com- 
pounds only a few (among them NO, N02, and CIO 2 ) contain an odd 
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number of electrons. Such compounds (called “odd molecules'’ by G. N. 
Lewis 8 ) are paramagnetic (i.e., they are attracted by a magnet) in virtue 
of the magnetically non-compensated electron. Indeed, free radicals 
have been defined as compounds which contain magnetically non-com- 
pensated electrons. 9 This property of paramagnetism has proved useful 
in detecting free radicals, and it serves as a basis of one of the methods 
employed to determine the degree of dissociation of hexaarylethanes 
(p. 587). 

According to the modern theory of resonance (p. 1979) the odd elec- 
tron does not remain on the central carbon atom but can resonate among 
nine other positions (the six ortho and three para positions of the three 
phenyl groups). These ten structures contribute to the resultant res- 
onance state. Several such structures are shown in the following 
formulas: 



This resonance leads to an increased stability of the free radical. 

Mention lias been made of the color of the triarylmethyls. Gomberg 
attributed the color to the presence of a quinoid form of the free radical 
which is in equilibrium with the benzenoid form. Evidence in favor of 
quinoidation was adduced from a study of the action of silver on diphcnyl- 
p-bromophenylmcthyl and related compounds. 10 The colorless com- 
pound diphenyl-p-bromophenylmethane (or the carbinol or alkyl ether) 
which is not subject to quinoidation loses no trace of its bromine when 
shaken with metallic silver. From the corresponding radical, however, 
the bromine is readily removed, and this is explained oji the basis of the 
equilibrium between the two forms. 



8 Lewis, “Valence and the Structure of Atoms and Molecules,” Chemical Catalog Co., 
New York (1923) ; Chem. Rev., 1 , 231 (1934). 

9 Kuhn, Naturwisxemchaftm, 22 , 808 (1934), 

50 Gomberg, Ber., 40 , 1847 (1907); Goinberg and Blicke, J. Am. Chem. Hoc., 45 , 1765 
(1923). 
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In the quinoid form the bromine atom, no longer held by an aromatic 
carbon, is sufficiently reactive to combine with the metal The fact 
that the same light absorption is shown by an ether solution of triphenyl- 
methyl and ether solutions of benzoquinone, quinonemonoxime, and the 
like 11 is considered to be confirmation of the quinoid structure. 

According to the resonance theory the quinoid form of Gomberg is 
only one of the nine similar structures contributing to the final resonance 
state. G. N. Lewis has pointed out that the absorption of light in the 
visible region is a property common to all odd molecules except nitric 
oxide. 8 Recently, with Calvin, 12 he has suggested an explanation for the 
color of the triarylmethyls in terms of the effect produced by the presence 
of the unpaired electron. It must be admitted that a complete and en- 
tirely satisfactory explanation for the color is still lacking. 

A number of investigators have attempted to prepare free radicals 
from optically active starting materials in order to determine whether 
the optical activity would be retained by the radical (p. 383). Persistence 
of the optical activity would mean that the unshared electron can pre- 
serve the tetrahedral configuration of the molecule. In one experiment 
triphenylmethyl was used to liberate phenyl-p-biphenyl-tr-naphthyl- 
methyl from optically active Z-phenyl-/>biphenyl-a-naphthylthioglycollic 
acid. 

CeH^ 

p-C 6 H fi C 6 H 4 — C— SCH 2 CC 2 II + (C 0 II & )..C -> 

a-CioH/ 

O.H*. 

p-CJIAHf- C + (CcHi) 3 C — SCHzCOjH 

a-Cwll/ 

It was found that the optical activity of the solution disappeared as the 
phenyl-p-biphenyl-a-naphthylmelhyl radical was formed. From this 
and other results it was concluded that free radicals cannot maintain 
the asymmetric configuration. 13 It should be noted that quinoidation or 
resonance precludes the existence of optically active triarylmethyls since 
the central carbon atom becomes linked by a double bond to one of the 
rings, 

Degree of Dissociation of Hexaarylethanes. Three methods have 
been employed to determine the extent to which hexaarylethanes dis- 
sociate into free radicals in solution. In the earlier work, the molecular- 
weight method was used. In recent years methods based on the absorp- 
tion of light in the visible region and on the paramagnetism of the free 

11 Anderson, J. Am. Chem. Soc., 57, 1673 (1935). 

12 Lewi# and Calvin, Chem. Rev., 25, 273 (1939). 

and Adams, J . Am. Chem. Soc., 55, 3838 (1933). 



588 


ORGANIC CHEMISTRY 


radicals have been employed. In harmony with other binary dissocia- 
tion processes, the degree of dissociation of a given hexaarylethane 
depends on the three factors, temperature, concentration, and solvent. 
A check on the reliability of the methods can be applied in the form of 
the dissociation constants, which should remain constant over a wide 
range of concentration in a given solvent at the same temperature. For 
the binary dissociation process, R 3 C — CR 3 ^2R 3 C; K = 4a 2 / (1 — ct)v t 
where A is the dissociation constant, a the fraction of the hexaarylethane 
dissociated, and v the volume in liters containing a mole of the hexaaryl- 
ethane. 

If the molecular weight of a hexaarylethane in solution is determined 
by the cryoscopic or ebullioscopie method, a value is obtained which lies 
between that calculated for the hexaarylethane (M r ) and that for the 
triarylmethyl. From this value for the apparent molecular weight (M a ) f 
the fraction (a) of hexaarylethane dissociated may be calculated from the 
formula: a = (M e /M a ) — 1 ; the percentage of dissociation is equal to lOOtv. 
From a critical analysis of the data reported by this method Walden 14 
concluded that within certain limits satisfactory values for the dissoeia- 
l ion const ant can be obtained in a given solvent. In some instances, how- 
ever, there is a “drift” in the values. The molecular-weight method is 
limited in that values in a given solvent can be obtained only at two tem- 
peratures, the freezing point and boiling point of the solvent. 

In the second method use is made of the fact that the solutions of the 
hexaarylethanes do not obey Beer’s law. According to this law, the 
absorption of light should remain constant on dilution provided that no 
change in structure or dissociation takes place, for the number of absorb- 
ing molecules remains the same. Thus, if a colored solution contained in 
an upright cylinder is viewed from above, the intensity of the color will 
remain the same when solvent is added to the solution, because the dilu- 
tion is exactly compensated by the greater thickness of the layer through 
which the light paases. If on dilution the intensity of the color increases, 
it means that the number of absorbing molecules has increased. Pic- 
card 15 demonstrated that the color of a solution containing a mixture of a 
hexaarylethane and the triarylmethyl radicals increased in intensity as 
the solution was diluted. That the increased color was the result of a 
simple binary dissociation process followed from the fact that the rela- 
tionship between the change in intensity of the color and the variation in 
concentration conformed to the Ostwald dilution law, at least in dilute 
solutions . 16 

14 Walden, “Chemic der freien Radikale,” Hirzel, Leipzig (1924). 

15 Piccard, A /at., 381, 347 (1911). 

16 Wooster, Am. Chon, Hoc., 58, 215G (1936). 
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Ziegler and Ewald 17 have made use of this relationship to determine 
the degree of dissociation of hexaphenylethane under various conditions. 
By measuring the molecular extinction coefficients E v of the colored solu- 
tions at various dilutions by means of a spectrophotometer, they deter- 
mined the degree of dissociation, using the expression a = E v /E n , where 
is the molecular extinction coefficient at infinite dilution, obtained 
by extrapolation. By this method they obtained the results shown in 
Table I for hexaphenylethane in benzene at 20°. The value of K, about 


TABLE I 

Dissociation of Hexaphenylethane 
v = volume in liters containing 1 mole of hexaphenylethane 



12.5 

98 

885 

25,700 

76,000 

00 

% Dissociation (1 00«) . . . 

3.6 

9.6 

25.8 

77.5 

i 

90 

100 


4.1 X 10 4 , remained constant when the solution was diluted from 1 to 

G100. 

An increase in temperature causes an increase in the dissociation of 
hexaphenylethane. Thus, a 0.07 per cent benzene solution of hexa- 
phenylcthane contains 18 per cent of triphcnylmethyl at 13° (K = 2.6 X 
10~ 4 ), about 30 per cent at 30° (K = 7.81 X 10 -4 ), and 42 per cent at 
43° (K = 18.8 X 10~ 4 ). Similar results were observed in a number of 
different solvents. 

The effect of the solvent on the dissociation may be shown by a com- 
parison of the dissociation constants for hexaphenylethane in a number 
of solvents. The solvents and the values obtained for K X 10 4 at 20° 
were: propionitrile, 1.2; ethyl benzoate, 1.7; acetone, 1.7; dioxane, 2.5; 
bromobenzene, 3.7 ; ethylene dibromide, 3.9; benzene, 4.1; chloroform, 
6.9; and carbon disulfide, 19.2. 

The third method of determining the extent of dissociation, first, sug- 
gested by Taylor, 18 consists in measuring the paramagnetic susceptibility 
of a solution containing the free radical. It has been calculated that the 
paramagnetic susceptibility arising from the spin of one unpaired electron 
should be equal to 1260 X 10“° unit per mole of free radical at 20°. 
From the observed magnetic susceptibility of a solution it is possible to 
calculate the concentration of the free radical and hence the degree of 
dissociation of the hexaaryle thane . 19 

17 Ziegler and Ewald, Ann., 473, 163 (1929). 

18 Taylor, J. Am. Chem. Soc., 48, 858 (1920). 

19 Hoy and Marvel [iiu'd., 59 , 2622 (1937)] have described an apparatus and procedure 
for measuring the paramagnetic susceptibilities of solutions of free radicals by the Quincke 
hydrostatic method. 
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One of the most influential factors affecting the dissociation of hexa- 
arylethanes is the nature of the aryl groups attached to the central carbon 
atoms. This is readily apparent from a comparison of the degree of dis- 
sociation of various hexaarylcthancs under similar conditions. In Table 
II are given the values which have been obtained by the cryoscopic 
method in benzene (5°C.) at approximately the same concentration 
(about 0.08 molar, which corresponds to about 1-3 per cent solutions 
of the hexaarylethanes). 

TABLE II 

Dissociation of Hexaarylethanes 


Radicals Formed 

Color of Radicals 

Dissociation of 
Ethane, % a 

Triphenvlmethyl 

Orange-yellow 

1-3 

9-Phenvlfluorvl 

Brown (100°) 

0 

D Lph en vl - p-ani sv lmet h vl 

Deep red 

20-25 

Diphcnvl-o-anisvl methyl 

Reddish brown 

25 30 

Diphcnvl-/3-naphthvlmcthvl 

Wine-red 

7 9* 

Diphenvl-a-naphthvlmcthvl 

Deep red-brown 

28-31 b 

Diphenvl-1-phenanthrylmethvl 

Deep red 

32 36 6 

Tri-o-anisvlmethyl 

Orange 

95-100 

Phen vl-p-biphenvl-a-naphthvlmethvl 

Deep red-brown 

90-100, 54 c 

Diphenvl-p-biphenvlmethyl 

Orange-red 

13 -1G 6 

Phenvldi-p-biphenylmethvl 

Red 

18 c 

T ri-p-biphenylmethyl 

Deep violet 

1 

100, 74* 54 c 


0 Except as indicated, values are frnm Walden, "Chemiedcr freien Radikalr," HirzH, Leipzig (1924). 

* Recent values obtained by Bacbmann and kloetzcl [</. Org. (,'hem., 2 , 356 (1938)]; the values for 
diphenyl-0-naphthylmot.hyl and diphnnyl-a~naphtliylmet.iiyl are lower than those reported previously 
(30-35 and 55-60 per cent, respectively). The lower values have been checked by Marvel and co- 
workers (unpublished results) by magnetic susceptibility measurements. 

e From magnetic susceptibility measurements at 30° by Marvel and co-workers (unpublished 
results). The value for tri-p-biphenylmethyl was obtained in a 0.0125 M solution. 

From the values in the table it is apparent that all the aryl groups, 
with the exception of the 9-fluoryl group, arc more effective than phenyl 
groups in promoting dissociation. Di-(9-phcnylfhioryl) is a relatively 
stable hydrocarbon; its solution is colorless at room temperature and 
contains appreciable amounts of free radicals only at higher tempera- 
tures. The 1-phenanthryl, a-naphthyl, and o- and p-anisyl groups are 
particularly effective in promoting dissociation. A few hexaarylethanes 
dissociate completely in 1-3 per cent solutions; included in this group is 
hexa-p-biphenylethane. 20 Paramagnetic measurements have indicated 

20 Schlenk, Wnirknl, anil Herzcnstein, Ann., 372, 1 (1009). But see Baohnmnn and 
Kloetzel (note b of Table U; and Marvel who were unable to chock this result. 
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that even the violet-colored solid hydrocarbon is the free tri-p-biphenyl- 
incthyl radical 21 Similarly, it has been reported that tri-p-nitrophenyl- 
methyl is a unimolecular free radical in the solid state. 

Paramagnetic measurements on a series of hexa-p-alkylphenylethanes 
(the same alkyl group was present on each phenyl group) in which the 
alkyl groups were methyl, ethyl, n-propyl, isopropyl, sec.-butyl, and 
isobutyl indicated that these compounds dissociated to the extent of 
about 15-30 per cent in 0.1 molar solutions in benzene at 30°. 22 Under 
practically the same conditions, the free radicals diphenyl-p-cyclohexyl- 
phenylmethyl and phenyldi-p-cydohexylphenylmethyl were formed to 
the extent of about 10 per cent from the corresponding hexaarylethanes; 
at the same temperature but in a 0.01 molar solution of the hexaaryl- 
ethanc, tri-p-cyclohcxylphenylmelhyl was formed to the extent of 50 per 
cent. From these results it is evident that alkyl groups in the para 
position have a marked effect in increasing the dissociation of hexa- 
phenyle thane. 

An interesting comparison of the effect of alkyl groups was obtained 
by determining the degree of dissociation of a series of t sym.-di-(alkyl- 
phcnyl)-tctraphenylethanes (about 0.1 molar benzene solutions at 30°) 
which differed in the nature and position of the alkyl group. The larger 


TABLE III 

SI/m.-Dr-tAr.KrLPHENYI.l-TETRAPHEXYLETHANES 


Alkyl Group 

Dissociation, % 

p- Methyl 

5 

o-Methyl 

25 

p-isopropvl 

8 10 

p-ter£.-butyl 

8-9 


groups are somewhat more effective than the methyl group in promoting 
dissociation, and the methyl group is much more effective in the ortho 
than in the para position; in the meta position the methyl group has an 

intermediate effect. 

The individual groups can be arranged roughly in the following order 
°f influence on dissociation: 1-phcnanthryl, a-naphthyl, o-anisyl > p- 
fmisyl > i xanthyl > p-biphenyl > j8-naphthyl > p-alkylphenyl > 
phenyl > p-chlorophenyl > ^ 9-fluoryl 

Mill K MMlcr-Kodloff, and Bunge, Ann., 520, 235 (1935). 

Marvel, Mueller, Ilimel, and Kaplan, J. Am. Chew. Sac., 61, 2771 (1939). 
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Energies of Dissociation and Activation. The heat of dissociation 
of a hexaarylethanc can be calculated from the change in the dissociation 
constant of the system R 3 C — CR 3 2R 3 C with variation in the tem- 

perature. The dissociation constants Ki and K 2 being known at two 
(absolute) temperatures Ti and T 2 respectively, the heat of dissociation 
can be calculated from the equation 


H = R 


T iT 2 
T 2 -Ti 


In 


K2 

K x 


where H represents the net increase in heat content of the system. 

From the values of the dissociation constants for hexaphenylethane 
in benzene (K X 10 4 = 2.6 at 13° C., 7.84 at 30° C., 18.8 at 43° C.), de- 
termined by measurements of the molecular extinction coefficients, 
Ziegler and Ewald 17 obtained a value of 11.8 keal. for the heat of disso- 
ciation. Practically the same value (10.5-12 keal.) was obtained in nine 
different solvents. Similar results were obtained from the values of the 
equilibrium constants calculated from colorimetric data 16 and magnetic 
susceptibility measurements . 23 By the substitution of six phenyl groups 
for the six hydrogen atoms of ethane, the carbon-carbon bond strength is 
reduced from about 70-80 keal . 54 to 11.8 keal., a decrease of about 10-11 
keal. for each phenyl group. 

The rate of dissociation of hexaphenylethane is rapid, although it 
appears slow in comparison with the speed with which the free radicals 
react. If a reaction is studied in which the reagent reacts practically 
instantly with triphenylmethyl, then the speed of the over-all reaction 
will be a measure of the relatively slow dissociation process. Iodine, 
nitric oxide, and oxygen (in the presence of pyrogallol as an inhibitor of 
chain reactions involving the reaction of hexaphenylethane itself with 
the oxygen) have been employed. 25, 26 With these reagents practically 
the same rate, corresponding to a unimolecular reaction —log (1 — Z) 
— kt/ 2.3, where Z is the fraction of hexaphenylethane reacted in time t, 
and k is the specific reaction rate constant, was obtained. In chloroform 
at 0°, k was found to be equal to 0.21. From this the “half-life” or 
period of half-change of hexaphenylethane can be calculated to be 3.3 
minutes; that is, one-half of the hexaphenylethane dissociated in this 

JJ Muller and Miiller-Rodlof?, Ann., 521. 89 (1935). 

24 Pauling, “The Nature of the Chemical Bond,” 2nd ed., Cornell University Piw s > 
Ithaca, N. Y. (1940), gives a value 58.6 keal. for the average energy of the carbon-carbon 
bond; this value does not necessarily represent the heat of dissociation of ethane into 
methyl radicals. 

28 Mithoff and Branch, J. Am. Chem. Hoc., 52, 255 (1930). 

56 Ziegler, Orth, and Weber, Ann., 504, 131 (1933) ; Ziegler and Ewald, Ann., 504, J - 
(1933). 
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period when the radicals were removed as fast as they were formed. At 
10° in the same solvent the half-life was only 1 minute. 

From the rates of dissociation and their temperature coefficients the 
heat of activation of the dissociation process can be calculated. While 
the energy of dissociation is concerned only with the initial and final 
states and tells to what extent dissociation occurs, the energy of activa- 
tion involves the energy needed to break the bond and gives information 
as to how fast the reaction proceeds. From the value of /cj (0.21 at 0° C.) 
and /C 2 (0.72 at 10° C.) for hexaphenylethane in chloroform, the heat of 
activation can be calculated (using the same expression as for heat of 
dissociation) to be 19 kcal. Although the rate constants varied greatly 
in the nineteen different solvents which were used for the reactions, 
practically the same value for the heat of activation w T as obtained. 

The heat of activation is larger than the heat of dissociation by about 
8 kcal.; this difference represents the amount of activation energy re- 
quired for two moles of triphenylmethyl to unite to form hcxaphcnyl- 
ethane. 

Theories of Dissociation. Numerous explanations have been ad- 
vanced to account for the dissociation of hexaarylethanes into free 
radicals. Why does the substitution of six phenyl groups for the six 
hydrogen atoms of ethane, which is extremely stable and shows no signs 
of dissociation below 500°, cause the molecule to undergo dissociation at 
room temperature or below? According to one of the early views, the 
phenyl groups take up so much of the “affinity” of the central carbon 
atom that there is little tendency for the radical to combine with another 
similar molecule. 

Kharasch 27 considered that the electronegativities (p. 1072) of the 
groups were of paramount import an ee in causing dissociat ion. According 
to him, substitution of three electronegative groups for the three hydro- 
gen atoms of the methyl group results in a displacement of the valence 
electrons away from the central carbon atom, thus making the radical 
weakly electronegative. It was considered that two such w r eakly electro- 
negative radicals should not form a stable compound. The greater the 
electronegativities of the substituting groups the larger the degree of dis- 
sociation of the ethane. Within certain limits there is a rough corre- 
spondence between the electronegativity of a group and its effectiveness 
in promoting dissociation, but there are also some striking differences. 

According to another hypothesis the size and weight of the groups 
are especially responsible. In virtue, of the steric hindrance offered by 
the large groups the two ethane carbon atoms are unable to approach 

27 Kharasch and Marker, J. Am. Cfiem. 8oc„ 48, 3130 (1926) ; Kharasch and Flenner, 
tfj < 54, 674 (1932). 
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each other closely enough to form a normal carbon-carbon bond. In. 
order to account for the greater effectiveness of the phenyl group in 
comparison with the cyclohexyl group in promoting dissociation, it was 
necessary to consider that unsaturation was essential, lhat unsatura- 
tion alone is not sufficient was indicated by Marvel’s work on ethanes 
containing the highly unsaturated cthynyl groups. Even hexa-(ferf.- 
butvlethynyl)-e thane in which bulky unsaturatcd groups are present 
exhibited no dissociation. 

At the present time it is perhaps generally considered that the dis- 
sociation of the hexa a ryle thanes is more or less adequately explained on 
the basis of resonance and steric hindrance. While most theories 
account for dissociation on the basis of a weakened carbon-carbon link- 
age, Pauling and Wlieland 28 considered the strength of the bond in 
hexaarylethanes to be the same as that in ethane (70-80 keal.). Accord- 
ing to them, dissociation is due not to the weakness of the ethane linkage 
but to the stabilization of the free radicals as a result of resonance. In 
the triphenyl methyl radical there are more possibilities for resonance 
than exist for the triphenylmethyl group in the hexaphenvlcthane, for in 
addition to having the resonance of the group the radical can resonate 
among nine additional structures in which the unpaired electron is upon 
the ortho and para positions of the benzene rings (p. 1980). Resonance 
among these structures increases the resonance energy of the system 
(resulting in a lower energy content of the resultant hybrid structure), 
and this increase compensates for the energy required to break the car- 
bon-carbon bond. With p-biphenyl or a-naphthyl groups attached to 
the central carbon atom the number of resonance possibilities is in- 
creased, and w ith a sufficient number of these groups present the extra 
resonance energy may amount to the energy of the carbon-carbon 
linkage. 

Although the results of the calculations of the resonance effect arc 
qualitative in nature, partly perhaps because of certain assumptions that 
must be made, such as a planar molecule, it is significant lhat the calcu- 
lated values are of the right order of magnitude. Moreover, the calcu- 
lations give the right order for the relative effectiveness of various groups 
in promoting dissociation, namely, a-naphthyl > p-biphenyl > 0" 
naphthyl > phenyl. From similar considerations, Ingold 29 has predicted 
the following order for the groups in promoting radical stability: 9- 
phenanthryl > a-anthryl > a-naphthyl > 0-naphthyl > p-biphcnjl > 
m-biphenyl > phenyl. From the standpoint of testing Ingold’s predic- 
tion in regard to the 9-phenanthryl group, it w T as unfortunate that tie 

18 Pauling and Wheiand, J. Chan. Phytic*, 1. 362 (1933). Bee also Iluckel. Z . 

83, 632 (1933); Ingold, Ann. liepis. Ckem. .Sac., 25, 152 (1928). 

29 1 1 ] gold, Tran 8. Faraday S’oc., 30, 52 (1934). 
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free radical 9-phcnanthryldiphenylmcthyl decomposed too rapidly to 
allow measurement to be made on it. 30 

From a study of the heats of oxidation and hydrogenation of Iri- 
phenylmethyl, Bent 31 has concluded that the bond in hexaphenylethane 
is weaker than that in ethane by about 30 kcaL, and he attributes the 
weakening effect to steric hindrance. As will be mentioned later, 
certain alkyl groups when attached to the central carbon atom are 
effective in promoting radical stability; thus, the ferf. -butyl group is as 
effective in this respect as the phenyl group. This may be explained in 
terms of a steric effect or on the basis of resonance in the alkyl group as 
Wheland 32 has done. The latter explanation might be used to explain 
the effect of para-substituted alkyl groups in promoting radical stability 
but would be inadequate to account for the much greater effect of the 
alkyl groups when situated in the ortho positions. 22 In the latter ease the 
steric effect is probably predominant. 

Further investigations are desirable in order to determine the exact 
contribution made by resonance and by steric effects in promoting the 
dissociation of hexaarylethanes and to determine whether some other 
factor in addition to these is operative. 

Preparation of the Free Radicals. More than a hundred compounds 
have been prepared, many only in solution, which dissociate into tri- 
arylmethyl radicals. Most of the compounds that have been isolated are 
colorless, or nearly so, in the solid state, and it is generally assumed that 
the solid compound is the hexaarylethane. A few free radicals them- 
selves, notably tri-p-biphenylmethyl, phenyl-a-naphthyl-p-biphenyl- 
m ethyl, and tri-p-nitrophenylmethyl, have been isolated in the form of 
colored crystals. 

Three general methods have been employed to prepare solutions 
containing the triaryl methyls from which the hexaarylethane may be 
isolated: (1) by reaction of a triarylehloromethane with a metal; (2) by 
reduction of a triarylmcthyl salt; (3) by abstraction of the metallic atom 
from the salts R 3 CK. 

1. The classical method of Gomberg, which is most frequently used, 
consists in abstracting the halogen from a triarylmcthyl halide, usually 
the chloride. The triaryl carbinol can be prepared generally from a 
ketone and a Grignard reagent or from an ester and two moles of a 
Grignard reagent. The triarylehloromethane is formed by reaction of 
the triarylcarbinol with acetyl chloride or with dry hydrogen chloride. 
I 11 this manner triarylchloromethanes containing substituted phenyl 
groups and different aryl groups can be prepared. 

so Each m aim and Kloetzel, J. Org. Chan., 2, 350 (1937). 

31 Bent and Cuthbertson, J. Am, Chan. Soc., 58, 170 (1936). 

s * Wheland, J. Chem. Pkys., 2, 474 (1934). 



596 


ORGANIC CHEMISTRY 


A benzene solution of the triarylchloromethane is shaken with 
mercury or “molecular” silver (prepared by electrolytic precipitation of 
the metal from silver chloride) at room temperature for several days. 3 * 
Other metals such as zinc, copper (with heating), and sodium have been 
employed, the last also in liquid ammonia. 34 By concentrating the fil- 
tered, colored solution the hexaarylethane is obtained. Generally speak- 
ing, the essential conditions for the reaction are exclusion of all moisture 
in order to prevent hydrolysis of the halide, absence of oxygen, exclusion 
of acids, and protection from light. The reasons for these precautions 
will be clear from a study of the chemical properties of the triarylmethyls, 

2 . It is generally considered that the intense colors of solutions of 
triarylcarbinols in alcohol or acetic acid containing a mineral acid are due 
to the formation of ionizable halochromic salts, R3COH + HX — > 
(R 3 C) + + X“ + H 2 0 . The neutral free radical can be produced from 
the ion by means of certain soluble reducing agents as vanadous chloride 
and titanous chloride just as metals may be precipitated from solutions 
of their salts by suitable reducing agents. 

(RaO^d- V++ R3C + V++ + 

As a rule the hexaarylethane precipitates out of the solution as it is 
formed by association of the free radical. By this reaction Conant and 
co-workers 35 ' 36 have isolated certain hcxaarylethancs, such as those 
containing dimethylamino groups, which are difficult or impossible to 
prepare by other methods. 

3. The third method is generally employed when the chloride is not 
obtainable and has found its chief application in the preparation of free 
radicals other than the triarylmethyls. In this method the methyl ether 
of the carbinol is cleaved by metallic potassium to give the organopotas- 
sium derivative from which the potassium is abstracted by means of 
tetramethylethylene bromide 37 (ethylene dibroinide tends to split off 
hydrogen bromide). 

R3COCH3 + 2K — > RsCIC + KOCH3 
2R3CK + (CH 3 )2CBrCBr(CH 3 ) 2 R3CCR3 + (CH 3 ) 2 C=C(CH 3 ) 2 + 2KBr 

Chemical Properties. The triarylmethyls in solution differ widely in 
stability, the least stable being those with OH, OCH 3 , NO2, and N (0113)2 
groups. Some radicals retain their unsaturated character for months, 

a3 Gomberg and Schoepfle, J. Am. C hem. Soc., 39, 1052 (1017). 

34 Kraus and Kawamura, ibid., 45, 2750 (1923). 

35 Conant and Sloan, ibid., 47, 572 (1925) ; Conant, Small, and Taylor, ibid 47 , 
(1925). 

36 Conant and Bigelow, ibid,, 53, 070 (1931). 

37 Ziegler and Schnell, Ann., 437, 227 (1924). 



FREE RADICALS 


597 


others for only a few hours, and some decompose spontaneously in a few 
minutes. This instability makes it extremely difficult to work with 
certain free radicals. 

For the most part the products of the decomposition of the radicals 
are not known, but sometimes it has been possible to determine the 
nature of the reactions that take place from the products which have 
been isolated. Polymerization, reduction, and oxidation are some of the 
reactions that take place, often spontaneously. Certain of these reac- 
tions are hastened or initiated by light, heat, or acids. Thermal decompo- 
sition of triphenylmcthyl in boiling xylene yields highly colored un- 
erystallizable oils as the chief product in addition to a small amount of 
triphenylmethane. 

Disproportionation and Irreversible Dimerization . One of the char- 
acteristic reactions undergone by all free radicals is disproportionation, 
in which one molecule of the radical becomes reduced at the expense of 
another molecule which becomes oxidized. This reaction with the tri- 
arylmethyls is promoted especially by light. If a solution of triphenyl- 
methyl is exposed to sunlight, the yellow color of the solution gradually 
fades as disproportionation takes place. 



The products arc triphcnylmcthane and 9-phcnylfhioryl (which at room 
temperature associates completely to the hexaarylethaue). 

Tri-p-t oly line thy 1 rapidly disproportionates to yield a mixture of tri- 
p-tolylme thane and a quinoid compound which undergoes polymeriza- 
tion. 38 




Marvel, Rieger, and Mueller, J. Am. Chem. Soc., 61, 2769 (1939). 
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This reaction appears to be characteristic of hexaarylethanes containing 
a para-substituted alkyl group which has a hydrogen atom on the a 
carbon atom. 

Another characteristic reaction of triarylmethyl radicals is the irre- 
versible dimerization to an isomer of the hexaarylethane; with triphenyl- 
methyl the product is p-beiizohydryltetraphenylmethane. 


2(C 6 H*) 3 C 


(C,H fi )*CH- 


-C(C 6 H & ) 3 


This reaction takes place especially in the presence of mineral acids, 
even traces of the acid sufficing to produce the change. Treatment of a 
benzene solution of triphenylmethyl with dry hydrogen chloride or even 
shaking the solution with an aqueous concentrated solution of hydro- 
chloric acid converts the radical to the dimer. To a slight extent the 
triphenylmethyl is converted to a mixture of equal parts of triphenyl- 
methane and triphenylchloromcthane. 

2(C*H & ) 3 C + HCl (C 6 H 5 ) 3 CII + (C,H 6 )jCC1 

This type of reaction is the principal one occurring with some radicals, 
for example diphenyl-a-naphthylmethyl. 

Addition Reactions. One of the most remarkable properties of the 
triarylmethyl radicals is the rapid absorption of atmospheric oxygen to 
form colorless triarylmethyl peroxides. 39 

2(C 6 H 5 ) 3 C + 0 2 (C 6 II 5 ) 3 COOC(C 6 H 5 )3 

If the solution of the free radical is shaken with excess of oxygen, the 
absorption of oxygen is complete in a minute or two at room tempera- 
ture. Since the volume of oxygen that is absorbed corresponds roughly 
to the amount demanded by the equation, the reaction has been used to 
determine the purity of a given sample of triarylmethyl. The peroxides 
are usually crystalline compounds that can be isolated from the reaction 
mixture. Even when the free radical decomposes rapidly, the peroxides 
can often be obtained; invariably this can be done by shaking the tri- 
arylmethyl halide with silver in the presence of oxygen. The reaction 
with oxygen serves as a convenient test for triarylmethyl radicals. 

Another striking reaction of triarylmethyls is the combination with 
iodine at room temperature. The iodine adds to the carbon atom and a 
triarylmethyl iodide is formed. 

2(C 6 II 5 ) 3 C + I, 2(C 6 H 5 ) 3 CI 

31 Gomherg and Cone, Bcr., 37, 3538 (1904;. 
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The reaction is reversible, and the equilibrium that is reached varies 
with the particular compound, but usually corresponds to 60-80 per 
cent formation of the triarylmethyl iodide in 2-3 per cent solutions. 

Triphcnylmethyl is reduced by hydrogen although not rapidly; in 
the presence of platinum black, hydrogen is absorbed and triphenyl- 
methane is formed. The same product results when the radical is treated 
with zinc and acetic acid. 


2(C 6 H 5 )sC + H,(Pt) -* 2(C 6 H,),CH 


Triphenylmethyl is capable of abstracting hydrogen atoms from phenyl- 
hydrazine, phenol, and hydrazobenzene. 

2(CeH*)»C + CellsNHNHj -► (C 6 H 5 ) 3 CH + C 6 H 5 NHNHC(C 6 H 5 ) 3 


2(C 6 H 5 ) 3 C + CeHsOH — (C*H 5 ) 3 CH + (C 6 H 6 ) 3 0 


OH 


2(C.H*) 8 C + C 6 H 5 XHNHC 6 H 6 2(C«H B )*CH + C 6 H 5 N=NC 6 H5 

Sodium, in the form of sodium powder or amalgam, adds to tri- 
phcnylmethyl in ether-benzene or in liquid ammonia and gives the 
intensely red triphenylmethylsodium. 


(C c H 6 ) 3 C + Xa -> (CJIi)aCNa 


The Grignard reagent triphenylmethylmagnesium bromide can be 
obtained in quantitative yield by reaction of triphenylmethyl with a 
mixture of magnesium and magnesium bromide in anhydrous ether and 
benzene. 40 

2(C fills) »C + Mg 4* MgBrs -> 2(C6H 5 ) 3 CMgBr 

Two molecules of triphenylmethyl add to one of quinone and form 
the di triphenylmethyl ether of hydroquinone. 


2(CbH 6 ) 3 C + 0=< 




(C 6 H 6 ) 3 C-0 



0— C(C 6 H s ) 3 


Similar to this reaction Ls the addition of triphenylmethyl to un- 
saturated hydrocarbons and related compounds . 41 With isoprene, for 

C*o m berg and Bacliimuin, J. Am. Chan. Soc., 52, 2455 (1930). 

41 Conant and Scherp, ibid., 53, 1941 (1931). 
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example, 1,4-addition of the free radical takes place and 1, 1,1, 0,6,6- 
hexaphenyl-3-melhylhexene-3 is formed. 

2(C 6 H b ) 3 C 4- CH2=C— CH=CH 2 -> 

I 

CH S 

(C bH b ) 3 C — CH 2 — G=C H — CH 2 — C(CeH 5 ) 3 
C1I 3 


With maleic acid dilriphenylmet hylsuccinic acid is produced. 


2(C 6 H 5 ) 3 C + 


chco 2 h 

chco 2 h 


(CeHa) 3 C — CHCO 2 H 

1 

(CtHs)sC — CHCO 2 H 


Nitric oxide is absorbed by triphenylmethyl; the initial product k 
nitrosotriphenybnethane, (CgH.OhONO, which undergoes further reac- 
tion to undetermined products. Nitrogen dioxide is likewise absorbed by 
the free radical; the products are triphenylnitromcthane and triphcnyl- 
methvl nitrite. Sulfur adds to triphenylmethyl, and polysulfides are 
formed. 

The triarylmethvls exhibit a pronounced tendency t o form molecular 
addition complexes with a variety of liquids. Addition complexes have 
been obtained from triphenylmethyl and aldehydes, ketones, esters, 
nitriles, chloroform, ethers, benzene, and even saturated hydrocarbons 
as heptane, decane, and cyclohexane. 42 The addition compounds usually 
lose the solvent at 50-100°, hut some are remarkably st able. 

Because of the extraordinary tendency to undergo addition reactions, 
triphenylmethyl has found application as a reagent for the detection of 
other free radicals, and to “capture” short-lived free radicals which are 
formed as intermediates in certain chemical reactions. 

Reactions with Trianjlmdhyl Halides and Inorganic Salts. The tn- 
arylmcthyls possess a number of properties which find their counterpart 
in the behavior of metals. Just as one metal can displace another from 
its salt, so can one triarylmcthyl displace another from its triarylmethvl 
halide. Thus, addition of a yellow solution of triphenylmethyl to a 
colorless solution of phenyl-p-biphenyl-a-naphthylchloromethane evokes 
the deep brown color of phenyl-p-biphenyl-a-naphthylmethyl. 43 The 
following reaction proceeds until equilibrium is attained: 

Cetl^ CeH^ 

(C 6 H 5 ) 3 C + p-C«H 5 C 6 H4-CC1 <=± (C 6 Ho) 3 CC1 -f P-C 6 HAH 4 -C 
ct-Cull/ a-CWV 

42 Gornberg, ihid., 36, 1141 (1914) ; Clicm. Rw., 1 , 91 (1924); 2, 310 (1925). 

* 3 Schlenk and Herzenstoin, Ann., 394, 199 (1912j. 
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Like metals, the triarylmethyls are capable of reducing certain inorganic 
salts . 44 Silver perchlorate and other silver salts are reduced by triphenyl- 
niethyl to metallic silver. 

(CfiHg^C + AgCI0 4 ^ (C6H 5 ) 3 CC104 + Ag 

Similarly, mercury, platinic, and auric salts are reduced to the corre- 
sponding metal by the free radical. Ferric chloride is reduced to ferrous 
chloride. 

(CeHs^C + FeCl 3 (CeHj) 3 CCI + FeCb 

The reverse of this type of reaction, namely, the reduction of the triaryl- 
methyl salt to the free radical, has already been discussed as a method of 
preparing the radicals. Conant and co-workcrs 35 found that a mixture 
of a radical and its halochromie salt possesses a definite potential analo- 
gous to that of a metal in contact with a solution of its salt. They deter- 
mined the single-electrode potentials of several radicals at varying con- 
centrations of hydrogen ion. 

Solutions of triarylmethyl halides in liquid sulfur dioxide are good 
conductors of the electric current; the carriers appear to be the triaryl- 
methyl cation and the chloride ion which are produced by ionization of 
the halide, R3CCI (R3C) + + Cl - . On electrolysis of the solution the 
electrically neutral radical is formed at the cathode. Solutions of the 
free radicals in sulfur dioxide also conduct the current, a remarkable 
property for a hydrocarbon; no conduction is observed in benzene or in 
nitrobenzene. The triphenylmethyl radical gives up its unpaired electron 
to the sulfur dioxide, and triphenylmethyl cations are formed, a process 
analogous to that which takes place when sodium is dissolved in liquid 
ammonia. 

(C 6 H,) 3 C ^ (C g H 5 ) 3 C + + « 

The cation and the solvated electron, and riot the free radical, arc the true 
conductors. The absorption curve for a solution of triphenylmethyl in 
sulfur dioxide is similar to that for a solution of triphenylmethyl bromide 
in the same solvent, and in dilute solutions the amount of triphcnyl- 
methyl cation is the same from both sources, radical and halide . 45 The 
absorption curve for triphenylmethyl in ether, in which the radical is not 
ionized, is different from the curves obtained for the triphenylmethyl 
cation. 

The free radicals may be characterized as amphoteric in nature inas- 
much as the triarylcarbinols R 3 COH exhibit baselike properties in their 
ability to form ionizable halochromie salts with mineral acids and the 

Goinberg and Gamrath, unpublished results. 

Anderson, J . Am. Chan. Soc„ 57 , 1673 ( 1935 ). 
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corresponding hydrides R 3 CH are weakly acidic, forming sodium deriva- 
tives RyCNa, which yield triarylmethyl anions. 

Biradicals 

A number of compounds known as biradicals have been prepared 
which appear to contain two carbon atoms each linked to only three 
groups. A quinoid structure has been assigned to the intensely colored 
hydrocarbons of the type of pjp'-phenydencbisfdiphenylmelhyl) (I) be- 
cause of the relative stability of solutions of the hydrocarbons to oxygen. 
Irradiated solutions, however, lose their color in the presence of oxygen 
and it has been suggested that the biradical is formed under the influ- 
ence of light. 46 Although some have considered that, the violet-colored 
solid p,p'-biphenylenebis(diphenylmethvl) (II), which in solution rapidly 


(C 6 H 5 ) 2 C=< 


^C(CsH 5 ) 2 


1 


(C 6 H & ) 2 C=< W 


~C (C g IT g) 2 


11 


absorbs oxygen, exists entirely in the biradical form, measurements of its 
paramagnetic susceptibility have shown that the compound is practically 
entirely (at least 99 per cent) in the quinoid form. In general it appears 
that the quinoid rather than the biradieal structure is assumed whenever 
the former state is possible. In order to prevent the formation of the 
quinoid form Muller and Neuhoff 47 and Thcilackcr and Ozcgowski 45 
introduced large groups into the ortho positions of the biphenyl ring; 
since the coplanar structure is not possible, the quinoid form cannot be 
taken. As a result the compounds which they prepared exist in pari as 
the biradicals III and IV. 


Ci Cl 

/ \ 


rh2C_ Y / \ / _CPh2 


Cl Cl 

III 


CH S 

_/ __ 

phsGM 0 ^ 


CH# 


In the mela derivative (V), in which quinoidation is not possible, 
about 6 per cent of the biradical is present in a benzene solution at 74 • 

44 Sehon berg, Tram. Faraday Soc. t 32, 514 (1936). 

47 Miiller and Neuhoff, Bur., 72, 2063 (1939). 

4ff "Theilacker and Ozegowski, Ber., 73. 33, 898 (1940;. 
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The corresponding ortho compound, 9,9,10,10-tetraphenyldihydrophe- 
nanthrene (VI), shows no signs of dissociation. 



Ph 2 C CPh 2 Ph 2 C— CPh 2 

v VI VII 

Wittig and Leo 49 have prepared 1,1,2,2-tetraphenyleyeIopropane 
(VII) in order to determine whether the ring strain would aid in ruptur- 
ing the bond between the two carbon atoms holding the aryl groups. The 
compound, however, proved to be colorless and stable. They have also 
prepared compounds of the type 



where n = 1, 2, 3, and 4. Intramolecular union of the two terminal 
valences is not possible when n is 1 or 2, and the biradicals that are 
formed show a broad absorption band like that of tri-p-biphenylmethyl. 
When n is 3 or 4, union of the valences is possible and the absorption 
band of the biradicals resembles that of triphcnylmethyl. 

The interesting red hydrocarbon 5,6,11,12-tetraphcnylnaphthaccne 
(VIII) of Moureu and Dufraisse 50 absorbs oxygen when irradiated, and 
it has been assumed that the light energy transforms the ordinary form 
of the molecule into the biradical (possibly IX), but this has not been 



VIII 

confirmed by magnetic measurements. 51 Similarly 2,3,6,7-dibenzanthra- 
cene, a violet-colored hydrocarbon, exists completely in the quinoid form 
(X) both in solution and in the solid state contrary to the view of Clar, 62 
who believed it to be entirely in the biradical form. 

" Wittig and Leo, Ber., 61. 854 (1928) ; 62, 1405 (1929). 

40 Moureu and Dufraisse, Bull. soc. ehim., [4] 53, 7S9 (1933) ; a review of the chemistry 
°f the rubenes. Dufraisse and Velluz, Compt. rend., 201, 1394 (1935) ; Allen and Gilman, 
J ‘ c hem. Soc., 58, 937 (1936). 

“ Muller and Muller-Rodloff, Ann., 517, 134 (1935). 

“ Clar , Bar., 65, 503 (1932). 
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Cells 



When a solution of 9,10-diphcnylanthracene is heated a color devel- 
ops, which fades when the solution is cooled. Ingold and Marshall 
ascribed the color to the biradical XI, but Dufraissc and Houpillart 51 
believe that the color arises simply from a general modification of the 
light absorption by 9, 10-diphenylanthracene with increased temperature. 


Diarylmethyls 


si/m.-Tetraarylethanes, The successful demonstration that com- 
pounds can be prepared in which a carbon atom is linked to only three 
groups naturally encouraged investigation to determine whether the 
three groups needed to be aryl groups. The two tetraphenylethanes can 
be distilled (b. p. 280°) without decomposition, and no evidence of dis- 
sociation has been detected in sym.-tetra-p-biphenylethane. In har- 
mony with these results is the fact that one cannot prepare a solution 
containing appreciable amounts of diphenylmethyl radicals, (CgHs^CH. 
As will be shown in a later section, there is evidence that diphenylmethyl 
radicals arc formed by reaction of diphenylbrornomethanc with silver, 
but these rapidly associate completely to form sym.-tetraphcnylcthanc. 
Recently Nauta and Wuis w reported that the violet-red solution which 
is formed by the action of silver on dimesitylbromomethane in benzene 
probably contains the free dimesitylmethyl radical, but further evidence 
is required before this view can be accepted. 

In the tetraarylethanes and other compounds that will be met with 
later we encounter what might be tenned borderline cases in which it 
is sometimes difficult to distinguish whether a slight dissociation occurs 
or whether the compounds simply possess a weakened ethane linkage. 
Thus, bixanthyl (XII) does not appear to dissociate into free xanthyl 


/ 

0 

\ 


CnH,^ 

/CeH* 

O 

T 

n 

o 

0 

C.H./ N^Il/ 


XII 

XIII 


CHBr 


a Ingold and Marshall, Chem. Svc. % 3080 (1926). 

H Dufraisse and Houpillart, Dull soc. chim [5] 5, 1628 (1938). 
65 Nauta and Wuis, Re c. Irav. chim., 57, 41 (1938). 
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radicals, yet the compound reacts with bromine to give two molecules 
of xanthyl bromide (XIII), and a solution of bixanthyl absorbs oxygen 
at 150° and gives xanthone. That the ethane linkage in the two tetra- 
phenylethanes is weakened by the four aryl groups is shown by the 
cleavage of the bond by metallic potassium at room temperature. 


(C 6 H 8 )2CHCH(C 6 H5)2 + 2K -> 2(C 6 H 6 ) 2 CHK 


Pentaarylethanes. The pentaarylethanes are colorless solids which 
give colorless solutions at room temperature. 56 The solutions are rela- 
tively stable to air at room temperature, but at 100° oxygen is absorbed 
rapidly to give the unsymmetrieal triaryhnethyldiarylmeLliylpei'oxide 
R3OOOCHR2 as the chief product in addition to a small amount of 
liiarvlmethylperoxide. From a study of the rate of oxygen absorption 
at 80 100° it was established that pentaphenylethane in solution under- 
goes reversible dissociation into triphenylmethyl and diphenylmethyl 
radicals. 57 

(C0H5) 3 C — CIRCeHs) 2 (C 6 H 5 ) 3 C + CH(C 6 H 6 ) 2 

The rate-controlling step was found to be a unimolecular reaction in 
agreement with that demanded by the dissociation process. The degree 
of dissociation is extremely slight, as is evident from the fact that a 
solution of pentaphenylethane in o-dichlorobcnzcnc is colorless even at 
95°, yet dissociation at this temperature is rapid, the “half-life” being 
9 minutes, as measured by the rate of reaction with oxygen and with 
iodine. At 100° the half-life of pentaphenylethane is approximately the 
same as that of hexaphenylcthane at 0° in toluene, namely, about 5 min- 
utes. The heat of activation of the dissociation process was found to be 
about 28 keal., which is about 8-9 keal. higher than that of hexaphenyl- 
ethane. 

The behavior of solutions of the pentaarylethanes can be readily 
interpreted in terms of the reversible dissociation of the hydrocarbons 
into free radicals. When a solution of a pentaarylelhane is heated a 
temperature is reached at which the color of the triarylinethyi radical 
appears; this radical becomes visible when a sufficient number of the 
diarylmethyl radicals have been removed from the equilibrium (by 
irreversible association to sym.-tetraarylethane). The color is not 
removed when the solution is cooled, but can be discharged by oxygen 
°r iodine. The temperature (70-105° for most of them) at which the 
color appears varies with the groups present in the pentaarylethane. 

66 Rachmann, J. Am. Chem. Soc., 55, 2135 (1933). 

" Baohmann and Wiselogle, J, Org. Chem 1, 351 (1936) ; Baehmann and Osborn, ibid., 
5 - 29 (194Q). 
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The groups that especially promote dissociation of hexaarylethanes, 
a-naphthyl, p-biphenyl, and p-anisyl, have a similar effect in the penta- 
arylethanes. Continued heating at 150-200°, at which temperature the 
triarylmethyl radicals are decomposed, leads to complete decomposition 
of the pentaarylethane with formation of large amounts of the 
tetraarylethane. The rapid reaction of pentaphenylethane with bromine 
at 100° to give triphenylbromomethane and diphenylbromomethane and 
the reduction of pentaarylethanes by phosphorus and hydrogen iodide 
in acetic acid (118°) to triarylmethanes and diarylmethanes are readily 
explained on the basis of the intermediate formation of the free radicals. 

The pentaarylethanes are easily obtainable through reaction of a 
diarylmethyl halide and a triarylmethylsodium or in some cases a tri- 
arylmethylmagnesium bromide. 

(CeH^CXa + BrCH(C 6 H 5 ) 2 -> (C 6 H 5 bC-CH(C 6 H 5 ) 2 + NaBr 

An interesting synthesis of pentaphenylethane involving the “capture” 
of diphenylmethyl radicals by triphenylmethyl radicals is described in 
the discussion of mechanisms of reactions. 

Diarylaikylmethyls 

sym.-Tetraaryldialkylethanes, Substitution of two alkyl groups for 
the two hydrogen atoms of sym.-t etraphenylethane weakens the ethane 
bond to such an extent that the compounds are thermally unstable and 
may dissociate. sym.-Tetraphenyldimethylethane and sywi.-tetraphenyl- 
diethylethane decompose spontaneously in solution, the latter hydrocar- 
bon more easily than the former. In this decomposition sym.-tetraphenyl- 
dimethylethane gives l,l-diphenylet,hane and 1,1-diphenylethylene, and 
one may suppose that radicals are formed which quickly undergo dispro- 
portionation. 

(C 6 H 6 ) 2 C— CH 3 (C 6 H b ) 2 C— CH 3 (C 6 H & ) 2 CHCH 3 

(CaH*)*c— cn 3 (Celiac— cn 3 (C 6 ii 6 ) 2 c=ch 2 

The spro.-tetraaryldialkylethanes were prepared from the methyl ethers 
of the diarylalkylcarbinols by method 3 described under the preparation 
of triarylmethyls (p. 595). This method was employed because the 
diarylalkylchloromethanes are unstable and lose hydrogen chloride to 
yield olefins. 

Secondary and tertiary alkyl groups have a greater influence than 
primary groups in weakening the ethane linkage. Thus, sym.-tetra- 
phenyldicyclohexylethane (XIV) in solution absorbs oxygen and g ives a 
peroxide, as does syw.-diphenyltetracyclohexylethane, although no evi- 
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dence of dissociation of the latter hydrocarbon has been obtained by 
physical methods. s^m.-Tetraphenyl-di-terf.-butylethane (XV) appears 
to dissociate into radicals when its solution is heated above 50°, and 
sym.-tetra-p-biphenyl-di4ert.-butylethane is 74 per cent dissociated in 
dilute solution into orange-red di-p-biphenyl4crt.-butylmcthyl radicals 
(XVI). 58 


(Cells) 2 C— C 6 Hn 

(CeH&) 2C — Cell 11 


XIV 


(C«H 5 ) 2 C-C(CH 3 ) 3 

I 

(CfiHo) 2 C — C(CII 3 ) 3 
xv 


p- C«H*C*H 4 s 
p-C.H 4 C.H 4 ' 

XVI 


>C— C(CH 3 ) 3 


Pentaarylethyls. The tertiary triphenylmethyl group seems to be 
more effective than any aryl group in promoting dissociation. Schlenk 
and Mark 59 have reported that the yellow pentaphenylethyl (XVII) and 
the violet 9-(triphenylmethyl)-fluoryl (XVIII) are unimolecular free 


C 6 H 6 v 

Cells' 


>C — C (Cell®) 3 


XVII 



radicals both in solution and in the solid state. The preparation of 
pentaphenylethyl was carried out in the following manner. 


(C 6 II 5 )2CC1 2 + 2 (C 6 H 5 ) 3 CNa -> (C 6 H 6 ) 2 CC(C 6 H 5 ) 3 + 2NaCl + (C 6 H 6 ) 3 C 


Tetraarylallyls. The unsaturated ft j(3 - diphenylvinyl group 
(C 6 H 5 ) 2 C=CH — is especially effective in promoting dissociation. Free 
radicals have been prepared in which the phenyl groups of triphenyl- 
methyl have been replaced by one, tw r o, and three of these unsaturated 
groups. 60 Even 1,1,3 ,3-tetraphcny lal lyl (XIX), which contains only one 
ftftdiphenylvinyl group, is present to the extent of 80 per cent in 
equilibrium with the bimoleeular form in a 2 per cent benzene solution 
at 5°, and 1 , l-di-p-anisyl-3,3-dipheny lally 1 (XX) is completely unasso- 

(C ellft) 2C — CH=C (C 4 H 6 ) 2 (p-CH 3 OC 6 H4)2C— CH=C(C 6 H 5 ) 2 

xix xx 

dated under the same conditions. Ph en y ldi- (ftft di-phenylvinyl) -methyl 

56 Oonant anil Schultz, J. Am. Chetn. Soc., 55 , 2098 (1933). 

68 Schlenk and Mark, Ber., 55, 2285 (1922). 

60 Ziegler, Ann., 434, 34 (1923) ; Wittig and Obermann, Ber., 68, 2214 (1935) ; Wittig 
and K <>sack, Ann., 529 , 107 (1937). 
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(XXI) and tri-(j3,j3-diphenylvmyl)-meth}d (XXII) (which forms black 
crystals) likewise appear to be unimolecular free radicals. 

C 6 H 5 C— CH=C(C 6 H 5 ) 2 (C 6 H 6 ) 2 C=CH— C— CH=-C(C 6 H 5 ) 2 

i i 

CH=C(C«H 6 ), CH==C(C.Hi), 

XXI XXII 

(C 6 H 6 ) 2 C=CH— CH— CH=C(C 6 H 4 ) 2 

XXIII 


The radical di-(0,jS-diphcnylvmyl)-mcthyl (XXIII) has only two of the 
unsaturated groups in addition to a hydrogen atom attached to the cen- 
tral carbon atom. In these compounds the unpaired electron can shift 
to a number of different carbon atoms other than those in the ring. 
Attempts to prepare hexa-^-stvrylo thane and di-|3-styryltetra phenyl- 
ethane were unsuccessful; only stable isomeric hydrocarbons were ob- 
tained, presumably through rearrangement. 61 

Kohler 62 was actually the first to observe the influence of the substi- 
tuted vinyl group on radical formation. By removing the halogen atom 
from 1,2,3-triphenylindyl bromide by means of a metal he obtained the 
1,2,3-triphenylindyl radical (XXIV). Closely related arc 2,3,4-triphcnyl- 
chromenyl (XXV) and pentaphenylcyclopentadienyl (XXVI) prepared 
by Ziegler. The last-mentioned radical, which has a beautifully sym- 
metrical structure, does not associate to the bimolecular form.® 

0 

(^bl C— C«H 6 Np— Cells 

VA /C— C,u, /C-C.II, 

c c 

I I 

C 6 H 5 C 5 H s 

XXIV XXV 
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xx 
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XXVI 


Sb^-Dialkyibixanthyls. Conan t 64 has summarized the effectiveness 
of various groups R in promoting dissociation in the substituted bi- 


0 C— C 0 <=* 20 C— R 


N^/Jt n c,ii 4 ' 


X.VH 


/ 


xanthyl molecule by placing them in three classes as follows. 

51 Marvel, Mueller, and Peppel, J. Am. Cham. Hue., 60, 410 (1938). 

62 Kohler, Am. Chem. J., 40, 217 (190S). 

53 Muller and Miiller-Rodloff, Hur., 69, 605 (1936). 

64 Conant, Small, and Sloan, ./, Am. Chan. ,SV„ 48, 1743 (1926). 
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Class I: cyclohexyl, isopropyl, scc.-butyl. 

Class II: benzyl, p-chlorobenzyl, pri.-isobutyl, a-naphthylmethyl. 

Class III : methyl, ethyl, n-butyl, n-hexyl, isoamyl, phcnylcthyl. 

The substituted bixanthyls which contain groups from Class I as 
R give highly colored solutions at 25°; the colors become deeper when 
the solutions are warmed and fainter at low temperatures. The sub- 
stances are unstable, and at temperatures above 60-70° the colors of the 
solutions disappear rapidly, probably through disproportionation of the 
free radicals. Solutions of the compounds absorb oxygen almost instantly 
at room temperature and usually give crystalline peroxides. 

Solutions of bixanthyls containing groups of Class II become colored 
only when warmed to 80-100°. Even the colorless solutions absorb oxy- 
gen very rapidly at room temperature. 

The primary groups (Class III) are least effective in weakening the 
ethane linkage; solutions of bixanthyls containing these groups become 
colored only when heated to about 140°. All these compounds absorb 
oxygen very slowly at room temperature. It has been shown that even 
in the colorless solution there exists a slight dissociation into alkylxanlhyl 
radicals. 65 

Conant 66 has evaluated the effect of various alkyl and aryl groups in 
decreasing the heat of dissociation of the ethane linkage. The decrease 
in kilocalories caused by the replacement of a single hydrogen of ethane 
was calculated to be: methyl, ethyl, 5; n-butyl, 6; benzyl, 7; biphenyl- 
ene/2, 9; isopropyl, tert. -butyl, phenyl, 11; xanthyl/2, 11.5; p-anisyl, 
/3-naphthyl, 12; a-naphthyl, 13. 

Rent 67 has studied the addition of sodium to free radicals containing 
carbon linked to three groups, R 4- Na — R~ -f- Na + . When the 
organosodium compound is shaken with mercury the reaction partially 
reverses, and from the equilibrium data the free energy change (p. 1794) 
of the reaction was obtained. It was found that the electron affinity of 
the free radicals was nearly the same (16-20 keal.) for all of them. 
From the value of the free energy Rent calculated the heat of dissociation 
of dibenzylbixanthyl and diphenylbixanthyl to be 1G-17 keal., in agree- 
ment wit h the values obtained by Conant. 

A rough comparison of the relative reactivity of certain substituted 
ethanes can be obtained by the use of liquid sodium-potassium alloy 
(2 : 5) and the liquid 40 per cent and 1 per cent sodium amalgams as is 
shown in Table IV. 


Conant and Evans, ibid., 51, 1925 (1929). 

Conant, J. Chem. Phys., 1, 427 (1933). 

Bent, J. Am. Chem. Sue., 53, 1786 (1931); Bent and Ebers, ibid., 57, 1242 (1935). 
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TABLE IV 

Cleavage of Substituted Ethanes by Alkali Metals 


Substance 

i 

| Na-K 

I 1 

Na-Hg 

Na-Hg 

40% 

1% 

Hexaphen vlet hane 

+ 

+ 

+ 

Di-prt.-alkvlbixanthvls 

+ ! 

+ 

- 

Bixanthvl 

+ 

- 


Tetraphenylethane 

+ 

- 

- 

Bibenzyl 

+ 




A plus sign indicates appreciable cleavage in 5 minutes, 


Aryl- (alkylethynyl) -ethanes. In order to determine whether unsatura- 
tion in groups is an important factor in promoting dissociation, Marvel u 
has prepared a large number of ethanes containing aliphatic acetylenic 
groups. An interesting member of the series is hoxa-(terb-butylethynyl)- 
ethanc (XXVII). Some of the hydrocarbons absorbed oxygen, and all 

[(CH 3 ) 3 C-C^C-] 3 C-C[-C-C-C(CH3) 3 1 3 

xxvii 

of them were cleaved by the action of alkali metals. Many of them were 
extremely unstable, decomposing or rearranging to other products even 
at low temperatures. Although in no instance was direct proof obtained 
that dissociation into radicals took place, the intermediate formation of 
free radicals appeared to be responsible for some of the rearrangements 
undergone by these compounds. 


Diarylacylmethyls 

sym.-Tetraphenyldibenzoylethane. This compound behaves as 
though it dissociated into free radicals . 69 Although it was expected that 
the compound would dissociate into diphenylbenzoylmcthyl radicals 



(XXVIII), the reactions of the free radical are better explained in terms 
of the mesomeric form (XXIX). Thus, the free radical docs not react 

88 Davis and Marvel, ibid, 53 , 3840 (1931) ; Salzberg and Marvel, ibid., 50 . I? 3 ?’ 
2840 (1928). 

89 1.owenbein and .Schuster, Ann., 481 , 100 (1930). 
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with bromine and it adds sodium to form the sodium salt of tri phenyl- 
vinyl alcohol (C 6 H 5 ) 2 C=C(ONa)(C 6 H 5 ). 

Diarylcarboxymethyls 

Bixanthyl-9,9'-dicarboxylic Acid. A solution of this acid or its 
dimethyl ester in ethyl benzoate becomes colored when heated to about 
105-115°, and the color disappears when the solution is cooled. 70 In the 
process the free radicals 9-carboxyxanthyl (XXX) (or 9-carbomethoxy- 
xanthyl) are formed. Towards oxygen the compounds are much less 
reactive than the least reactive of the 9,9'-dialkylbixanthyls. 


/C 6 H 4x 

0< >C— COOH 

XXX 

Bislactones of sym.-Diaryldi-(o-hydroxyaryl)-succinic Acids. The 

bislactone of sywi.-diphenyldi-( 0 -hydroxyphenyl)-succinic acid dissoci- 
ates to the extent of 50 per cent into free radicals in a hot dilute toluene 
solution. 


CcHb C$H& CeHs 



Certain substituted lactones of this type appear to dissociate com- 
pletely. 71 

Tetraarylsuccinonitriles. A solution of tetraphenylsuccinonitrile be- 
comes colored when heated to 140°, and a solution of tetra-p-anisylsuc- 
cinonitrile exhibits a color at 60-80° in virtue of the free diarylcyano- 
mcthyl radicals which are formed. 72 


(C«Hi)sC— C(C 6 H 6 ) 2 2(C 6 H 6 ) 2 C 

i i i 

CN CN CN 

Solutions of the compounds absorb oxygen very slowly and react with 
ni trogen dioxide and with phenylhydrazine. 

CnTiant and Garvey, Jr., Am. Cheni. Son., 49 , 20S0 (1927). 

T * Lowenbein and Folberth, Her., 58, 610 (1925). 

^ 72 Lowenbein and Gagarin, Bcr., 58, 2643 (1925); Witlig and Petri, A/m., 513 , 26 
(1934 ) ! Wittig and Pockels, Ber„ 69 , 790 (1936). 
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Diary lhydroxymethyls 

At 150-200° benzopinacol (tctraphenylethylcne glycol) and other 
aromatic pinacols R 2 (OH)C — C(OH)R 2 decompose with cleavage of the 
ethane linkage to give a mixture of the ketone R 2 CO and the hydrol 
RoCHOH. Although this reaction is interpreted conveniently in terms 
of an intermediate formation of free diarylhydroxymethyl radicals, no 
conclusive evidence has been obtained to show that pinacols dissociate 
into free radicals. Dissociation into colored free radicals occurs when 
the hydroxyl hydrogen atoms of the pinaeol are replaced by metals. 

Metal Ketyls. In 1891 Beckmann and Paul observed that aromatic 
ketones react with metallic sodium in anhydrous ether to give deeply 
colored derivatives. Twenty years later, Schlenk and co-workers 73 
showed that the colored compounds were free radicals of the type 
R 2 C — ON a-, formed by addition of an atom of sodium to a molecule of 
ketone. 

C 6 H 5 v Na C 6 H 6 v (C 6 H 6 ) 2 C-OXa 

2 >C=0 > 2 /C — ONa <=► | 

C 6 n/ CoH/ (C«Hfc)iC-ONa 

Sodium ketyl Sodium pinacolato 

Similar metal ketyls, as the radicals were named, are formed by reaction 
of aromatic ketones with potassium, lithium, cesium, and rubidium. 

Although at first it was thought that the sodium ketyls are unimolec- 
ular radicals, it was shown later that association to the sodium pinaeol ate 
does take place. 74, 75 The effect of solvent on the position of equilibrium 
was shown by measurements of the magnetic susceptibilities of the 
solutions. It was found that the sodium salts of benzopinacol and of 
sy?ra.-4,4'Kliphenylbenzopinacol arc less than 1 per cent dissociated in 
benzene, 76 but in dioxane the potassium salt of the last-named pinaeol is 
85 per cent dissociated in the concentrations employed. 75 

The sodium pinacolates dissociate rapidly into the sodium ketyl 
radicals. These radicals react rapidly with iodine and with oxygen; in 
both reactions the principal product Is the ketone. 

2(CeH 5 ) 2 C— ONa + I 8 -* 2(C 6 H & ) 2 CO + 2XaI 
2(C 6 H 5 ) 2 C— ONa + O z -> 2(C 6 H 5 ) 2 CO + Na*0, 

If dilute acid is employed for hydrolysis of the equilibrium mixtures in 
ether and benzene, nearly quantitative yields of the pinacols are ob- 

11 Schlenk and Thai, Ber., 46, 2840 (1913). 

74 Bachmann, Am. Ckem. Hoc., 55, 1179 (1933). 

75 Doescher and Wheland, ibid., 56, 2011 (1934). 

78 Sugden, Tram . Faraday Hoc., 30, 18 (1934}; Allen and Sugden, J. Chan. Hoc., 4 
(1936). 
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tairied, 74 but with water alone a mixture of equal parts of ketone and 
hydrol is formed, presumably through cleavage by alkali of the pinacol 
initially formed. 

When treated with an excess of sodium or 40 per cent sodium amal- 
gam, the metal ketyls form intensely colored disodium derivatives of the 
ketones. 

(C 6 H 6 ) 2 C— ONa + Na -> (C 6 II 5 ) 2 C— OXa 

i 

Na 

(BIur) (Violet) 

Sodium ketyls of the aliphatic and mixed aliphatic-aromatic scries 
have been prepared. Branched aliphatic groups favor the formation of 
these ketyls. Thus, di-lerl .- -butyl ketone reacts with sodium to give a 
deep red sodium ketyl which slowly passes into the dimeric form. Crys- 
talline sodium ketyls were obtained from w-trialkylaeetophenones and 
sodium. 77 

Aromatic ketones react rapidly with a mixture of magnesium and 
magnesium iodide (which behaves like the equilibrium mixture, Mg + 
Mgl 2 f* 2MgI) in ether and benzene; colored iodomagnesium ketyls 
are formed by addition of Mgl to the carbonyl group. These iodomag- 
nesium ketyls quickly associate to colorless iodomagnesium pinacolates 
until equilibrium is established. 78 

Mg 4- Mglz K 2 C-OMgI 

2R 2 C=0 — 2R 2 C— OMgl ^ | 

R 2 C -OMgl 

Hydrolysis of the mixtures usually gives nearly quantitative yields of 
pinacols. Like the sodium ketyls the iodomagnesium ketyls yield the 
ketone when they react with iodine or with oxygen. 

Diphenyl Ether of Benzopinacol. When a colorless solution of this 
compound in naphthalene is heated, a red color is produced; this color is 
attributed to the formation of diphenylphenoxymethyl radicals. 

(C 6 H 5 ) 2 C-OCeH 5 

| 2(C«H 6 ) 2 C— OC 6 H 6 

(C 6 H 5 ) 2 C— OC«H b 

Free Alkyl, Aryl, and Other Simple Radicals 

Free Alkyl Radicals. In 1929-1931 Paneth and co-workers 79 dem- 
onstrated the existence of free methyl and ethyl radicals. To prepare free 

77 Favorsky and Nazarov, Bull. snc. chirn., [5] 1, 46 (1934). 

78 Gomberg and Bachmann, J. Am. Chem. Soc., 49 , 236 (1927). 

79 Paneth and Ilofeditz, Ber., 62 , 1335 (1929); Paneth and Lantech, Bar., 64 , 2702 
(1931); Paneth and Ilerzfeld, Z. Elektrochem., 37 , 577 (1931). 
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methyl, vapors of tetramethyllead were carried by a rapid stream of 
hydrogen under reduced pressure ( 1-2 mm.) through a tube which was 
heated strongly (600-800°) at one point A. The tetramethyllead was 
decomposed by the heat as was evident from the deposition of a lead 
mirror at A ; among the products of decomposition was gaseous methyl 
which may be supposed to originate from the reaction 

(CII 3 ) 4 Pb -> 4CII 3 + Pb 

The presence of free methyl was detected in various ways. A lead 
mirror was deposited at B farther along the tube and was allowed to cool 
to room temperature. Now, when decomposition of tetramethyllead 
was produced at A , the lead mirror at B gradually disappeared as it was 
removed by chemical combination with the methyl radicals to form tctra- 
methyllead. If the mirror at B was more than a certain distance (32 cm. 
under the conditions employed) from the source A of the methyl radicals, 
the mirror tvas not removed, an indication that the free methyl radicals 
decomposed within a short time. From a measurement of the relative 
rates at w’hich standard mirrors were removed at various distances from 
the source A , the “half-life” period of the methyl radical was calculated 
to be of the order of 0.006 second at a pressure of 2 mm. in hydrogen; 
this means that one-half of the total amount of free methyl radicals will 
be decomposed in that length of time. 

The free ethyl radical has been prepared by thermal decomposition 
of tetraethyllead; its half-life Ls of the same order as that of free methyl. 
Evidence has been obtained of the formation of the free; benzyl radical 
QH 5 CH 2 (half-life about 0.006 second), but the higher alkyl radicals 
such as n-propyl and n-butyi appeared to be unstable at the high tem- 
peratures and decomposed immediately into unsaturated compounds 
and smaller free radicals or hydrogen atoms. 

CH 3 CH 2 CH 2 -> CH2=CH 2 + CHj 
CH 3 CH 2 CH 2 -» CH 3 CH==CH 2 + H 

The free n-propyl and isopropyl radicals have been produced, however, 
by photochemical decomposition of di-w-propyl ketone and diisopropyl 
ketone respectively, loe Each was found to have a half-life of about 0.004 
second under the conditions employed. 

Free methyl, and to a certain extent free ethyl, can be obtained con- 
veniently by pyrolysis of hydrocarbons and other compounds. 80, 

80 Rice and Rice, “Aliphatic Free Radicals," The Johns Hopkins Press, Baltimore 
(1935). 

81 Rice, Johnston, and Evering, J. Am. Cham. Soc., 54, 3529 (1932) ; Rice and Herz e > 
ibid., 56, 284 (1934). 
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When vapors of hexane at 1 3 mm. pressure are passed through a tube 
which is heated at one portion to about 800 °, the hydrocarbon disinte- 
grates and gives methyl radicals and a smaller proportion of ethyl 
radicals. Free methyl and ethyl radicals have also been prepared by 
interaction of sodium vapor and alkyl iodide in gaseous form at low 
pressures, C 2 H 5 I + Na — > C 2 H 5 -f NaL 82 

The chief reaction of methyl and of ethyl radicals at low pressure and 
room temperature in the absence of other reagents is recombination on 
the walls to give ethane and r^butane respectively; at higher tempera- 
tures the ethyl radical also disproportionates to give ethylene and ethane. 
Both methyl and ethyl readily abstract a hydrogen atom from saturated 
molecules to give methane and ethane respectively. 

CH 3 + CH 3 -> CH 3 CH 3 
CH 3 4 * RH -> CII 4 + R 
2CH3CH2 -> ch 3 ch 2 ch 2 ch 3 
2CH3CH2 -> CH2=CH 2 + ch 3 ch 3 

The alkyl radicals combine with iodine to form alkyl iodides and react 
with a number of other elements, usually in the form of mirrors, to form 
alkyl derivatives. Thus, by combination with free methyl radicals zinc 
is converted to dimethylzinc (CH3) 2 Zn, antimony to trimethylstibine 
(CII 3 ) 3 Sb and tctramcthyldistibyl (CH 3 ) 2 SbSb(CH3)2, arsenic to tri- 
methylarsine (CH 3 )3As and dicacodyl (CHs) 2 AsAs(CH 3 )2, mercury to 
dimethylmercury (CII 3 )2Hg, and bismuth to the trimethyl derivative. 

Free Aryl Radicals. Evidence has been obtained of the transitory 
existence of the free phenyl radical in the gaseous state and in solution. 
It appears to be formed in the reaction between sodium vapor and bro- 
niobenzene at high temperature and at low pressure 83 and in the thermal 
decomposition of tetraphenyllead; in these reactions the chief reaction 
of the phenyl radical is dimerization to biphenyl. 

Iley and Waters 84 have summarized the reactions of the phenyl radi- 
cal in solution. According to them the short-lived phenyl radical shows 
no tendency to dimerize to biphenyl in solution. Instead it reacts with 
practically any molecule with which it comes in contact. It abstracts a 
hydrogen atom from a non-aromatic solvent to form benzene and takes 
U P a chlorine atom from a non-aromatic halide to give chlorobenzene. 

82 Hartel and Polanyi, Z. physik. Chew . , Bll, 97 (1930) ; Hartel, Meer, and Polanyi, 
B19, 139 (1932); Wieland, “Die Hydrazine,” Enkc, Stuttgart (1913), pp. 1S7, ISO. 

83 Horn and Polanyi, Z. physik. CVicm., B25, 151 (1934) ; Allen and Brown, I Vans. 

Soc., 34, 463 (1938). 

84 Hey and Waters, Chem. Rev., 21, 109 (1937). 
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With neutral aromatic liquids it reacts to give o- and p-derivatives of 
biphenyl; the phenyl group enters ortho and para to the substituent even 
when the substituent is the nitro group. 

Other Simple Free Radicals. Ncf 5 sought to prove that certain 
classes of organic compounds such as the isonitriles contain bivalent car- 
bon and that numerous types of reactions take place through the inter- 
mediate formation of substituted methylene radicals, as for example 
CH 3 CH. His attempts to prepare the free methylene radical CH 2 were 
unsuccessful; reactions designed to give this radical yielded ethylene in- 
stead. Now, it appears that the methylene radical is capable of exist- 
ence. It is formed along with nitrogen by pyrolysis of diazomethane 
(350-600°), CH 2 N 2 — ► CH 2 + N 2 . The methylene radical removes 
mirrors of tellurium, antimony, and arsenic, but unlike the alkyl radicals 
it does not combine with zinc or lead . 85 

The CN radical is formed by interaction of sodium and BrCN and 
other cyanogen halides in a highly diluted gas reaction 82 and by thermal 
dissociation of cyanogen NC — CN at 1200 °. 88 Spectroscopic evidence 
has been obtained of the existence of OH, NH, CH, CS, and similar radi- 
cals as well as charged radicals of the type CH + and CH 2 "*". These radi- 
cals have been observed in thermal decompositions or in the electric 
discharge in gases but they have lives so short that a study of their 
chemical properties is exceedingly difficult or impossible . 87 


OTHER TYPES OF FREE RADICALS 

Diarylamino Radicals. The tetraarylhydra zincs were discovered by 
Wieland 88 in 1911. They are obtained as colorless solids by careful oxi- 
dation of diarylamines; thus, diphenylamine gives tetraphenylhydrazine 
when oxidized by potassium permanganate in cold acetone solution. 


2 


Cellgv 

(O) C«Hj\ 

V— 11 > 2 >N ± 

Cfillfix 

=5 >N 

/C ells 

n< 

C t H/ 

KM ”°< c,h/ 

Cells 7 

X C 6 Hs 


The intermediate diphcnylamino radicals associate practically com- 
pletely in solution at room temperature. When, however, a colorless 
solution of tetraphenylhydrazine in toluene is heated above 70° the 
greenish brown color of the diphenylamino radicals appears; when the 

86 Rice and Glasebrook, J. Am. ('hem. Roc., 55, 4329 (1933); 56, 2381 (1934). 

88 Kistiakowsky and Gershinowitz, /. Chem. Phys., X, 432 (1933). 

87 ‘‘Free Radicals,” Tram. Faraday Sac., 30, 1-248 (1934), a report on a symposium on 
free radicals. 

KS Wieland, "Die Hydrazine," Enkc, Stuttgart (1913); Wieland and Lecher, Ann., 
381, 206 (1911) ; Wieland, Bcr„ 48, 1078 (1915). 
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solution is cooled the color disappears. In general, groups such as NO 2 
and C 6 H 5 on the benzene nuclei tend to depress dissociation of the 
tetraarylhydrazines, and groups such as CH 3 , OCH 3 , and (CH 3 ) 2 N in- 
crease dissociation. Only one compound dissociated sufficiently to allow 
measurements to be made, Tetra-(p-dimethylammophcnyl)-hydrazine 
was found to be dissociated to the extent of 10 per cent in a dilute benzene 
solution and 20 per cent in a dilute nitrobenzene solution. 

Unlike triarylmethyls, the diarylamino radicals do not react with 
oxygen or with iodine. The reaction most frequently employed for char- 
acterizing these radicals is the absorption of nitric oxide. If nitric oxide 
is passed into a solution of tetraphenylhydrazine at 90°, a quantitative 
yield of N-nitrosodiphcnylamine is obtained. 

(C«H 5 ) 2 N + NO -► (C 6 H 5 ) 2 N— NO 

From a study of the kinetics of the nitric oxide reaction it was found 
that the half-life of tetraphenylhydrazine is about 3 minutes at 100° and 
the energy of activation for the dissociation process is about 30 keal. 89 
The free diarylamino radicals combine with triphenylmcthyl to form 
compounds of the type R 2 N — C(CeHs) 3 and with sodium to give the 
sodium derivative of the diarylamino, R 2 N — Na. Solutions of the tetra- 
arylhydrazines are unstable, for the diarylamino radicals readily undergo 
disproportionation; thus, diphenylamino radicals give diphenylamine 
and N,N'-diphenyldihydrophenazine. 

Triarylhydrazyls. By dehydrogenation of triarylhydrazines, 
R 2 NNHlt, by mild oxidizing agents as lead peroxide, Goldschmidt 90 
obtained a class of compounds known as hexaaryl I etrazari es. The tri- 
arylhydrazyl radicals arc formed as intermediates, and these associate to 
the hexaaryltetrazane. 

(CiHJiNv f0 , (C 6 H 6 ) 2 N\ (CeHsHNv / N(C fi H 5 ) 2 

2 >NH —U 2 >N +± >X— 

c 6 h/ c 6 h/ c 6 h/ x c 6 h 5 

Triphcnylhydrazyl Hexapi>enyItelraza,iL8 

The compounds are extremely unstable, spontaneous decomposition 
occurring even at low temperatures (—80°). Like the diarylamino radi- 
cals, the triarylhydrazyls combine with nitric oxide and with triphenyl- 
methyl. Measurements of the paramagnetism of a,a-diphenyl-/}-2,4,6- 
trinitrophenylhydrazyl indicate that this radical does not associate to 
the tetrazane even in the solid state. 9 

Much more stable radicals of this type are obtained by introducing 
an acyl group in place of one aryl group; the radicals diarylacetylhy- 

89 Cain and Wiselogle, J. Am. Chem. Soc., 62. 1163 (1940). 

90 Goldschmidt, Ber., 63, 44 (1920); Goldschmidt and Bader, Ann., 473, 137 (1929). 
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drazyl, R2NNCOCII3, and diarylbenzoylhydrazyl, R 2 NNCOC 6 H 5 , are 
examples of this type of radical. The radical a,a-di-p-anisyl-0-ben zoyl- 
hydrazyl (p-CH 3 OCoH4) 2 N — -NCOCoH 5 does not associate in acetone 
even at —50°. In contrast to the rapid dissociation of hexaarylethanes 
the dissociation of the substituted tetrazanes is exceedingly slow. 

Diarylnitrogen Oxides. Oxidation of X-diphenylhydroxylamine in 
ether solution at 0° by silver oxide yields diphcnylnitrogen oxide, which 
can be isolated in the form of dark red crystals. 91 

2(C 6 H 5 ) 2 N— OH + AgsO -> 2(C«H»)sXO + H*0 + 2 Ar 

The free radical nature of the diarylnitrogen oxides has boon confirmed by 
paramagnetic susceptibility measurements. Of the following three elec- 
tronic structures which may be written for these free radicals, Pauling - 4 
prefers the structure containing the three-electron bond but considers it 
probable that there is some resonance involving the other structures. 

R 2 X— 0: R 2 X— 0: R 2 N — 0: 

In general, the diarylnitrogen oxides are unstable compounds which 
decompose in a few hours. Introduction of nitro groups into the benzene 
nuclei stabilizes the molecule to such an extent that the free radical can 
be kept unchanged for several months. The diarylnitrogen oxides com- 
bine readily with nitric oxide and other odd molecules. The primary 
product of the reaction between diphenylnitrogen oxide and nitric oxide 
appears to be the N-nitroso derivative (C6H 5 ) 2 NO(NO) which then 
undergoes rearrangement to the more stable molecule, phenyl-p-nitro- 
phenylamine. Triphenylmethyl instantly decolorizes a red solution 
of diphenylnitrogen oxide; here, too, the primary addition product 
(CgHs^N — 0 — C(CgH 5 ) 3 undergoes further reaction to products which 
are unknown. With hydrogen iodide, iodine is liberated as the oxide is 
reduced to the diarylamine. 

Aroxy Radicals. By mild oxidation of certain phenols there are pro- 
duced diaryl peroxides R — 0 — 0 — R, which are capable of dissociating 
into aroxy radicals R — O. 92 The most stable products are obtained from 
9-methoxy-, 9-ethoxy-, and 9-chloro-10-phenanthrol. Thus oxidation of 
9-methoxy-10-phenanthrol in ether solution by load peroxide gives the. 
9-methoxy- 10-phenanthroxy radical which associates reversibly to bis(9- 
methoxy-10-phenanthryl)-peroxide. 

91 Wieland and Offenbacher, Ber., 47 , 2113 (1914) ; Wicland and Roth, Ber., 53, 219 
(1920) ; Wieland and Kbgl, Bvt., 55, 1798 (1922; ; (Iambi, (Jazz, chitn. ital., 63, 579 (10331- 

92 Purnmerer and co-workers, Ber., 47, 1472, 2957 (1914); 52, 1416 (1919); ' 

sohmidt and Schmidt, Ber., 55, 3197 (1922), 
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The peroxide is colorless, but the free radicals are greenish yellow in solu- 
tion. This particular radical is formed to the extent of 37 per cent in a 
dilute solution and the corresponding 9-ethoxy-10-phenanlhroxy radical 
62 per cent under the same conditions. 

Like the tetraaryldibenzoyltetrazanes the diarylperoxides dissociate 
very slowly into the aroxy radicals and equilibrium is reached only after 
several hours. As a result the concentration of aroxy radicals in the 
equilibrium mixture can be determined by titration with hydrazo benzene 
solution, which reacts with the radical only. 

2R — 0 + CbHsXHNHCcH, 2ROII + C 6 H 5 X=NC 6 H 5 

The aroxy radicals are not readily affected by atmospheric oxygen, 
and they do not react with iodine or with nitric oxide. They combine 
with triphenyl methyl to give the triphenylmethyl ether of the phenol 
R, — 0 — C(CgH 5 ) 3 and with potassium to form the salt ROK, and are 
reduced to the phenol by zinc and acetic acid, by hydrogen iodide, and 
by phenylhydrazine. 

Arylthiyl Radicals. Analogous to the diarylperoxides are the diaryl- 
disulfides RS — SR, which appear to dissociate into the free arylthiyl 
radicals RS. 93 Diphenyldisulfide, which is a colorless solid, gives a yellow 

C 6 H 5 S— SC 6 H* 2C 6 Hr,S 

solution whose color deepens when the temperature is raised. Under 
mild conditions the phenylthiyl radical CgH 5 S reacts with triphenyl- 
methyl, with metallic sodium, and with metallic silver and forms 
C 6 H 5 SC(C 6 H 5 ) 3j C 0 H 5 SNa, and CetUSAg respectively. 

Semiquinone Radicals. Michaelis and his collaborators 94 have stud- 
ied an interesting class of free radicals known as scmiquinoncs. These 
radicals correspond to the intermediate stage between tw 7 o members of a 
system capable of being converted readily into each other by a bivalent 
oxidation or reduction (involving the removal or addition of tw 7 o electrons 
respectively). For example, deeply colored semiquinone radicals are 

* 3 Schonbcrg, Trans. Faraday Soc., 30, 17 (1934). 

51 Michaelis, Chem. Rev., 16, 243 (1935) ; Michaelis et al„ J . Am. Chan. Soc., 60, 202, 
1667, 1678 (193S) . 
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formed as intermediates in the reduction of suitable quinones to hydro- 
quinones and in the oxidation of aromatic diamines to the diimines. 
In these systems an equilibrium is established between two moles of the 
free radical (R) and its disproportionation products, oxidized form (A) 
and reduced form (B), 2R ^ A + B. The existence of the semiquinone 
radicals has been established by potentiometric methods, by magneto- 
metric measurements, and by colorimetric means. 

A typical example of semiquinone formation is the production of a 
so-called Wurster dye by oxidation of p-phenylencdiamine (or the 
N-alkyl derivative of the diamine) in acid solution. In neutral solution 
the three components of the system may be represented as follows: 


:NH 2 :NH 2 :NH 



bra 


In neutral solution it is not passible to detect the intermediate radical 
(R), but in moderately acid solution a stable form (R') is formed by 
addition of a proton. As a result of the increased possibilities for reso- 
nance involving such forms as R'a, R'b, R'c, R'd, and the like, the radical 
becomes stabilized. Indeed, the free radicals of this type with the 
amino groups completely methylated are even more stable than the 
corresponding diimines. 



R'a R'b R'c R'd 


Similarly constructed semiquinone radicals are formed by reduction of 
phenazines, flavin dyestuffs (including vitamin B 2 ), indophenols, inda- 
mines, and thiazines. 

Stable semiqumones are obtained from suitable quinones and 1,2- 
diketones when the reduction is carried out in alkaline solution. Reso- 
nance among equivalent structures is possible in the anion, but this 
condition is destroyed when a hydrogen atom is present on one of t 
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oxygen atoms, which occurs in acid or neutral solutions. Semiquinone 
radicals have been obtained in alkaline solution from duroquinone, 
3-phenanthrenequinonesulfonic acid, and henzil. In the following for- 
mulas only one of the forms contributing to the resultant resonance 
state is shown. 



O(-) 0 


The last-mentioned semiquinone radical gives rise to the purple color 
which is observed when sodium hydroxide is added to an alcoholic solu- 
tion of benzil C 6 H s COCOC 6 H 5 and benzoin C 6 H 5 COCH(OH)C 6 H 5 . 
The purple radical is also produced as an intermediate during the oxida- 
tion of benzoin in alkaline solution. In the dilute solutions in which 
these radicals arc studied the free radical has little tendency to dimerize. 

Examples of neutral semiquinone radicals arc the hydroxyanthronyls 
(XXXI), which are formed by addition of a single atom of hydrogen to 
a molecule of the quinone, and the arylpyrrolinoanthroxy radicals 
(XXXII) of Scholl, 95 to which the following structures have been as- 
signed: 

0 0 



APPLICATION OF THE CONCEPT OF FREE RADICALS 

In 1858 Kekul£ 96 expressed his views on the manner in which reac- 
tions take place. He objected to the customary method of formulating 
reactions involving double decompositions as aa' + bb' — > ab + a'b' 
because the formulation gave no indication of what went on during the 
reaction and was likely to lead to the erroneous conclusion that radicals 
exist in the free state during the exchange. According to him the 

9S Scholl, Ber., 54, 2376 (1921); Scholl, Dehnert, and Semp, Ber 56, 1633 (1923); 
Scholl and Bottger, Ber., 64, 1878 (1931). 

96 Kckul6, Ann., 106, 129 (1858). 
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simplest expression of the reaction involved the formation of an inter- 
mediate addition complex, and he wrote the reaction in the following 
manner: 

a jb a b ^ a b 

atb' a'b' a'b' 

It is true that in certain reactions intermediate addition complexes 
are formed. On the other hand, there is abundant evidence that many 
reactions proceed through the intermediate formation of fragments, 
either ions or free radicals. The ionic mechanism has been particularly 
successful in interpreting reactions which proceed most readily in 
aqueous solution or in an ionizing solvent and reactions which are pro- 
moted by a polar environment, and those, such as hydrolysis, which arc 
catalyzed by ions. Free radicals play an important role in many photo- 
chemical and thermal decompositions, and in reactions which occur in 
liquids of low dielectric constant and in gases. 

The literature abounds in discussions of reactions in which the inter- 
mediate formation of free radicals is postulated. Often no definite proof 
could be obtained that the radicals were actually formed, but the 
results were most readily explained on the basis of radicals. This is 
especially true of reactions carried on in the liquid phase or in solution. 
In the gas reactions the short-lived radicals such as methyl, ethyl, and 
phenyl can often be detected by the Paneth effect on mirrors, and their 
formation can be deduced from the isolation of the dimers formed by 
association of the free radicals. In solution these extremely reactive 
radicals have little chance to dimerize, for they attack practically any 
molecule with which they collide. As a result, products are encountered 
which result from the action of the radicals on the solvent. Stable radi- 
cals such as the triarylmethyls can usually be detected without difficulty. 
In the discussion which follows, examples of reactions have been chosen 
in which more or less definite proof has been obtained that free radicals 
are involved. 

Wurtz-Fittig and Allied Reactions. Hcxaarylcthancs and other com- 
pounds capable of dissociating into free radicals are generally obtained 
through association of free radicals initially formed in the reaction. By 
analogy with the formation of hexaarylethanes one can reasonably 
assume that the formation of sym.-tetraphenyle thane from diphenyl- 
bromomethane and a metal proceeds through the intermediate formation 
and association of diphcnylmethyl radicals. Support for this view was 
obtained when the reaction was carried out in the presence of triphenyl- 
methyl . 57 If equivalent amounts of triphenylmethyl and diphenylbro- 
momethane in benzene are shaken with mercury, the principal product 
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(90 per cent) is pcntaphenylethane and the reaction may be formulated 
as follows : 

(C 6 H fi ) 2 CHBr + Hg (C fl H 5 ) 2 CH + HgBr 
(C«H*)iCH + (C 6 H 6 ) 3 C -> (C 8 H 5 ) 2 CHC(C fl H 5 )3 

The diphenylmethyl radicals are “captured” by the triphenylmethyl 
radicals as soon as they are formed and do not associate to the tetra- 
phenylethanc. 

In a similar manner, the diarylmethyl radicals formed by interaction 
of the halide and a metal have been found to react with oxygen more 
rapidly than association takes place. When diphcnylchloromethane 
reacts with silver a quantitative yield of syw.-tctraphcnylcthanc is ob- 
tained, but when the reaction is carried out in the presence of oxygen 
only a few per cent of syra.-tetraphenylcthane are produced; the chief 
products are benzophenone, bcnzohydrol, and diphenylmethyl ether, 
formed by oxidation of the intermediate diphenylmethyl radicals. Simi- 
lar results have been obtained with a number of diarylmethyl chlorides. 07 

There has been a great deal of discussion whether free radicals are 
formed as intermediates in the Wurtz-Fittig reaction (p. 539). Without 
doubt, in many reactions organosodium derivatives are formed as inter- 
mediates, but this does not exclude the intermediate formation of free 
radicals as well. It will be recalled that the free ethyl radical was 
obtained by interaction of sodium and ethyl iodide in the gas phase. 

A free radical mechanism was proposed to account for the products 
of the reaction between sodium and chlorobenzene, namely, benzene, 
biphenyl, 4-phenylbiphcnyl, 2-phenylbiphenyl, 2,2'-diphenylbiphenyl, 
and triphonylene. 98 The formation of these compounds can be under- 
stood if one assumes the intermediate formation of the phenyl radical, 
which can associate, disproportionate to benzene and phcnylene radicals 
(which can add phenyl radicals to give the phenylbiphenyls), and react 
with some of the substances present. When the reaction was carried out 
in toluene, biphenyl formation was completely suppressed and a large 
quantity (nearly 50 per cent) of benzene was produced in addition to 4- 
rnethylbiphenyl and diphenylme thane. These products may result from 
intermediate organosodium compounds or from reactions such as 

Cell, + C 6 H 6 CH 3 -> p-C«HAH 4 CHj + H 
Cell 5 + H — * CgHs 
C 6 II 5 + C 6 H 5 CH 3 -> C 6 II 6 + C«H 6 CHi 
C 6 H 6 CH a + C 6 H 6 -> C 6 H 5 CH 2 C6H 6 

Wuis and Mulder, llcc. trav. chirn., 57, 1385 (1938); Nauta and Mulder, ibid,, 58, 
(1939). 

® 8 Baohmann and Clarke, J. Am. Chem. Soc 49, 2089 (1927). 
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Grignard Reaction (p. 495). It has been definitely proved that the 
preparation of the Grignard reagent triphenylmethylmagnesium bromide 
proceeds through the intermediate formation of the free radical triphenyl- 
mcthyl." 

2(C 6 H 5 ) 3 CBr + Mg -► 2(C 6 H 5 ) 3 C + MgBr 2 
2(C 6 II 5 ) 3 C + Mg + MgBr 2 -> 2(C 6 H s ) 3 CMgBr 

When one-lialf of the total amount of magnesium has reacted, the solu- 
tion contains triphenylmethyl (and hexaphenylethane) but no Grignard 
reagent. Similarly, triphenylmethyl is an intermediate in the prepara- 
tion of tiiphenylmethylsodium from triphenylchloromethane and so- 
dium. As soon as all the chloride has reacted, the yellow solution con- 
taining triphenylmethyl rapidly becomes intensely red as triphenvl- 
methylsodium is formed. 100 It. has been suggested that other Grignard 
reagents are formed through a free-radical mechanism. 

Further evidence of the formation of free radicals as intermediates 
has been obtained from a study of the reactions of Grignard reagents. 
Triphenylmethylmagnesium bromide reacts with benzophenone to form 
the two radicals triphenylmethyl and bromomagnesium-bcnzopheiione- 
ketyl; the two radicals then associate to the corresponding symmetrical 
compounds. 

(CsH^sCMgBr + (C fi H 5 ) 2 CO -* (C 6 H*) 3 C + (Cell^C— OMgBr 

ii ii 

fCJt 6 ) 3 C (Celiac -OMgBr 

I I 

(C«H») S C (Cells) 2 C — OMgBr 

This type of reaction is not uncommon. The chief products of the 
reaction between benzylmagnesium chloride and methyl iodide are bi- 
benzyl and ethane. The reaction between benzophenone and rc-propyl- 
magnesium bromide (and other Grignard reagents) (p. 646) which gives 
benzohydrol as the principal product in addition to propylene has been 
explained on the basis of radicals. 101 

RaCO + CII 3 CII 2 CH 2 MgBr -* R 2 COMgBr + CH 3 CII 2 CII 2 

RsCHOMgBr + CH«CH*=CHj 

It is difficult to account for the formation of ethane and ethylene in 
addition to n-butane in the reaction between ethylmagnesiuin bromide 
and ethyl bromide unless free ethyl radicals are assumed to be produced 

** Combers and Bach man n, ibid., 52, 2455 (1930). 

100 Schlenk and Ochs, Ber., 49, 609 (1916;. 

101 Blickc and Powers, J. Am. Chem. Soc., 51, 3378 (1929). 
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as intermediates. Then the process becomes clear, for the ethyl radicals 
may disproportionate as well as associate. 

Photochemical Reactions. Dissociation of triarylmethyl bromides 
into the triarylmethyl radicals takes place when their solutions are 
irradiated or subjected to the action of cathode rays. If a solution of 
triphenylbromomethanc in benzene is exposed to sunlight or light in the 
near ultra-violet region, a deep yellow color develops. In contact with 
air or oxygen the irradiated solution deposits crystals of triphcnylmcthyl- 
peroxide. 102 

A considerable number of simple free radicals have been observed in 
the photolysis of organic compounds. Not only free alkyl and acyl radi- 
cals but also radicals of the type OH, 0 2 H, CCl a , COC1, CH, NH, NH 2 , 
and many others are now used freely to explain the results of photochemi- 
cal reactions. The results obtained by irradiation of alkyl iodides in the 
presence of oxygen, which leads to the formation of alcohols and alde- 
hydes, have been explained on the basis of an initial dissociation of the 
alkyl iodide into the alkyl radical and atomic iodine. 103 

CH 3 I CH 3 + I 

CH 3 + 0 2 > CH 2 0 + OH 

CH 3 I + Oil > CH 3 OH + I 

The photochemical decomposition of aldehydes and ketones has re- 
ceived considerable attention. The production of free methyl and ethyl 
radicals appears to be achieved by irradiation of ketones by light of cer- 
tain wave length (2900 A). Methyl ethyl ketone decomposes into methyl 
and propionyl radicals and the latter then break down into ethyl radicals 
and carbon monoxide. 104 

CI K „ 

>co — > ch 3 + CH 3 CH 2 CO -> CH 3 + CH 3 CH 2 + CO 

CH3CLI/ 

Hie free alkyl radicals then combine to form ethane, propane, and n- 
butane. In a similar manner, photochemical decomposition of acetone 
at l oom temperature yields the free methyl and acetyl radicals which can 
associate to form ethane and diacctyl. Above 60° no diacctyl is formed 
because of the decomposition of the acetyl radical to methyl and carbon 
Monoxide. 105 The acetyl radical has a life even shorter than that of the 
a %l radicals. 

in" ^ aBor< ^ an d Anderson, Proc. Nall. Acad. Sci. U. S., 19, 759 (1933). 

Bil tc.s and Spence, J. Am. Chem. Soc., 63, 1689 (1931) 

” No rrish, Ref. 87, p. 107. 

us Glazobruok and Pearson, J. Chcm. Soc., 567 (1937). 
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On exposure to light, di-?i-propyl ketone yields free n-propyl radicals. 
Diisopropyl ketone gives isopropyl radicals initially, but these subse- 
quently isomerize to n-propyl radicals, for the product of the reaction 
between the radicals and mercury was di-n-propylmereury. 106 Photolysis 
of acetaldehyde gives the methyl radical and the unstable CHO radical 
as primary products, which then undergo further reaction (sec thermal 
decomposition), and irradiation of kctcnc CH 2 =CO yields the methylene 
radical and carbon monoxide. 

The photochemical production of phosgene from carbon monoxide 
and chlorine takes place through the following steps involving a chain 
reaction carried on by chlorine atoms and the COC1 radical: Cl 2 — > 2C1; 
Cl + CO ^ COClf COC1 + Cl 2 -» COCI 2 + Cl. 107 Kharaseh and 
Brown 108 have found that irradiation of a mixture of oxalyl chloride, or 
phosgene, and cyclohexane gives a good yield of cy cl ohex anec ar boxy 1 i c 
acid chloride. They believe that the COG radical, formed b} r photolysis 
of the acid chlorides, is probably an important intermediate in the reac- 
tion. Similarly, the photochemical sulfonation of aliphatic acids and 
saturated hydrocarbons with sulfurvl chloride has been explained by a 
free-radical mechanism. 109 In the latter reaction the following formula- 
tion has been suggested: S0 2 C1 2 — » S0 2 -f- Cl*; Cl 2 — » 2C1; Cl + 
RH — R 4- HC1; R + S0 2 -> RS0 2 ; RS0 2 + Cl* RSO a Cl + Cl. 

Thermal Decompositions. It has lx?cn shown that many types of 
aliphatic compounds, hydrocarbons, ethers, aldehydes, and ketones, 
when heated in the range 700-1100° C., decompose into free radicals 
which can be detected by the Paneth effect on mirrors. 81 In the pyrolysis 
of hydrocarbons Rice has been able to predict somi-quantitativcly the 
products of such decompositions on the basis of free-radical formation. 
In these reactions, chain reactions are initiated by the alkyl radicals 
initially produced. Thermal decomposition of ethane has been formu- 
lated in the following manner: 

CH,CHj — 2CH 3 

Cl I, + CI1 3 CII 3 -> CII 4 + CIIjCIIi 
CII3CII2 -* CH2=CH 2 + II 

CH3CH3 + h -* h 2 + ch 3 ch 2 -> h 2 + cn^=cir, + 11 

106 Giazebrook and Pearson, ibid., 1777 (1936). But see also Kharaseh, Kane, and 
Brown, J. Am. Chtm. Soc ., 63, 526 (1041). 

11,1 Bodenstein, Z. physik. Cfuem., 130, 422 (1927); Bodcnstdn and Onoda, ibid-, 13 , 
153 (1928). 

108 Kharaseh and Brown, Am. Ch/mi. Soc., 62, 454 (1040). ^ 

108 Kharaseh and Read, ibid., 61, 3089 (1939) ; Kharaseh and Brown, ibid., 62, 
(1940;; Kharaseh, Chao, and Brown, ibid., 62, 2393 (1940). 
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The chain is terminated by collision of the ethyl groups with hydrogen 
atoms; the length of the chain is about 100 cycles. 

Thermal decomposition of acetaldehyde gives methane, carbon mon- 
oxide, and small amounts of hydrogen. The reaction appears to take 
place through a chain reaction initiated by free radicals, and the follow- 
ing mechanism is one that has been proposed: CH3CHO —+ CH3 + CO 
+ H; H + CH3CHO -> H 2 4- CH3CO (-* CH 3 + CO); CH 3 + 
CH3CHO — > CH 4 + CO + CH3. Decomposition of the acetaldehyde 
can be carried out at a temperature at which the pure aldehyde is inert 
by addition of some azomethane, CH 3 N— NCH 3 . The azomethane on 
pyrolysis yields free methyl radicals 110 which initiate the chain reaction 
involved in the decomposition of the aldehyde. 111 This same technique 
has been applied to the photochemical decomposition of acetaldehyde 112 
at room temperature and to the thermal decomposition of hydrocarbons. 

Triarylmcthyl radicals arc produced not only by thermal dissociation 
of hexaarylethanes but also by thermolysis of a number of other types of 
compounds. Azotriphenylmethane, (C 6 H 5 ) 3 CN=NC(C 6 H 5 ) 3 , decom- 
poses into triphcnylmcthyl and nitrogen even at 0°, and ditriphenyl- 
methyldisulfide (CrH^CS — SC(C 6 H 6 ) 3 and certain other sulfur com- 
pounds yield triphenylmethyl on decomposition. The thermal decom- 
position of benzcneazotriphenylniethanc, (CoHshCN^NCgHs, has been 
the subject of considerable investigation. Gomberg 6 found that very 
little tetraphenylmethane is produced on decomposition of the com- 
pound. From the results of the investigations of Wieland and his 
collaborators 113 it is reasonable to assume that the primary reaction is 
decomposition into triphenylmethyl, nitrogen, and phenyl, (CeHs^CN 
=NCeH 5 — » (C 6 H 5 ) 3 C + N 2 -f- C 6 H 5 . There is no difficulty in detect- 
ing the triphenylmethyl radicals, but the short-lived phenyl radicals are 
more elusive. The phenyl radical does not dimerize to form biphenyl 
but reacts rapidly with the solvent employed. Thus, it abstracts a 
hydrogen atom from hydrocarbons like hexane to form benzene; it 
removes a chlorine atom from carbon tetrachloride to form chloroben- 
zene; it reacts with benzene to give biphenyl, with toluene to form 
2- and 4-methylbiphenyl, and with chlorobenzene to give 4-chlorobi- 
phenyl. 114 Similar products have been obtained in other reactions in 
which free phenyl radicals appear to be formed. 

Oxidation and Reduction Reactions. According to Ziegler 26 the 
first step in the reaction between triphenylmethyl and oxygen is the 

11 " Wmakers, ibid., 55, 3499 (1933). 

1,1 Allen and Sickman, ibid., 56, 2031 (1934). 

| 12 Blaect and Taurog, ibid., 61, 3024 (1939). 

113 Wieland, Ann., 514, 145 (1934). 

1U J- Chem . Soc., I960 (1934). 
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formation of very reactive radicals of the type R 3 C — 0 — 0 — . These 
radicals then combine with triphenylmcthyl radicals to give the peroxide. 
The free peroxide radical also reacts with undissociated hexaphenvl- 
ethane: R3CO2 4 - R3CCR3 — * R3COOCR3 4- R 3 C. The radical liber- 
ated in this reaction takes up another molecule of oxygen, and the chain 
is continued. By adding an equivalent amount of pyrogallol, the chain 
reaction is inhibited (by reaction of the R 3 COO radicals with pyrogallol) 
and a mole of oxygen is absorbed for each mole of triphenylmcthyl 
radical. 

Triphenylmcthyl is found to be a catalyst for the oxidation of a 
number of compounds in virtue of the formation of the active peroxide 
radicals, which promote chain reactions, often of great length. Thus, 
chains of 55,000 units have been observed in the oxidation of dimethyl- 
ben zofulvene in the presence of a small amount of triphenylmcthyl. The 
reaction is R a C -f O2 — > R3CO2 ; R3CO2 + A — » R 3 G + AO2; RgC + 
O2 — * R3CO2; etc. The chain is broken when the peroxide radical 
combines with a triphenylmcthyl radical to give triplienylmethyl- 
per oxide. 

According to Michaelis, 94 bivalent oxidations (and reductions) pro- 
ceed in steps involving the intermediate formal ion of free radicals, and he 
has actually demonstrated the existence of the free radicals (semiqui- 
nones) in all the familiar reversible oxidation-reduction systems. If A 
represents the reduced form, R the radical, and B the oxidized form, 
then the reaction proceeds in the steps, A «=* R -f e; R ^ B + «• 

The free 1 radical CrH^NH appears to be formed as an intermediate in 
the oxidation of aniline by lead dioxide, for when the reaction is car- 
ried out in the presence of triphenylmcthyl, N-t riphcnylmet hyknili ne 
CoH 5 NHC(CoH 5)3 is formed. 115 Although spectroscopic evidence has 
been obtained of the presence of free CH 3 , CH2, and OH radicals in the 
inner cones of hydrocarbon flames where there is a limited supply of oxy- 
gen, it has not yet been decided definitely what part free radicals play in- 
combustion. 

Con ant and Bigelow 36 have shown that in the reduction of malachite 
green and related compounds by soluble reducing agents free radicals are 
produced initially; these then react further with the reducing agent to 
give the leueo base. In the reduction of aromatic ketones to the hydrob 
by sodium amalgam and alcohol, the first step is the addition of sodium 
to the ketone to give a ketyl radical; the ketyl radical reacts with the 
alcohol to give equivalent amounts of hydrol and ketone, and the regen- 
erated ketone then goes through a similar series of changes, 116 R2CO ^ 

115 Goldschmidt and Wurz.sohmitt, Her., 55, 3216 (1922). 

116 Bachinann, J. Am. Chan. Hoc., 55, 770 (1933). 



FREE RADICALS 


629 


Na R 2 CONa; R 2 CONa + C 2 H 5 OH -> R 2 COH + C 2 H 5 ONa; 
2R 2 COH -> RaCHOlI + U 2 CO. 

Other Reactions. Hey and Waters 84 believe that free phenyl radi- 
cals are responsible for the products obtained in the Gomberg-Bachmann 
reaction. 117 In this reaction biaryls are formed by addition of alkali to a 
mixture of a diazouium salt and an aromatic hydrocarbon or derivative, 
C G H*N 2 Ci + C 6 H 6 + NaOH -> CJBkCoHa + N 2 + NaCl + H 2 0. A 
highly reactive diazo hydroxide (or anhydride) formed by the action of 
the alkali on the diazonium salt is extracted by the aromatic liquid, and 
the reaction takes place in the organic solution. The phenyl radical ini- 
tially produced reacts with benzene to form biphenyl and with some of 
the biphenyl to give 4-phonylbiphcnyl ; it reacts with toluene to give 2- 
and 4-methylbiphenyl, and with bromobenzene to give 2- and 4-bromo- 
biphenyl. 118 Nitrobenzene and cyanobenzenc are attacked in the para 
position to give 4-nitrobiphenyl and 4-cyanobiphcnyl respectively, con- 
trary to the usual meta substitution of these compounds which takes 
place in ionic reactions. It appears that the abnormal substitution with 
these compounds serves as a test for the formation of phenyl radicals. 
Similar results have been obtained in the reaction between nitrosoacyl- 
arylamines and aromatic liquids. 119 

A free radical mechanism has been proposed to account for the abnor- 
mal addition of HBr to unsaturated compounds in the presence of perox- 
ides or oxygen. 120 

alkone 

HBr + O 2 (or peroxide) > HO 2 + Br 

R -CII=CH 2 + Br > It — CH — CII 2 Br 

R— CH— CH 2 Br + HBr » It— CH 2 — CH 2 Br + Br 

The addition of halogens to double and triple bonds in the presence of 
light may involve the intermediate formation of free radicals. Thus, 
the photochemical addition of bromine to acetylene involves the follow- 
ing chain reaction: Br 2 —*■ 2Br; HC=CH + Br —> HC=CHBr; IIC 
=CHBr -f Br 2 — ► BrCH=CHBr + Br, and the addition of chlorine to 
cis and irans diehloroethylenc follows a similar course. 121 Transitory free 
radicals with free bonds on the terminal atoms have been postulated 
ui polymerization processes. 1 ' 22 

117 Gomberg and Baohmann, ibid., 46, 2339 (1924). 

114 Gomberg and Pernert, ibid., 48, 1372 (1920). 

119 Grieve and Hey, ,/. Cham. Sac., 1797 (1934). 

120 Khaniseh, Engclmann, and Mayo, J. Dry. Client., 2, 288 (1937) ; Mayo and Walling, 

27, 351 (1940). 

Muller and Schumacher, Z. physik. Chem., B39, 352 (193S). 

122 ( ’halm era, J. Am. Che.m. Sue., 56, 912 (1934) ; Staudinger and Lauteusehliiger, Au/i., 
488 > 1 (1931). 
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Haber and Willstatter 123 see the work of free radicals in the Canniz- 
zaro reaction and in man}' reduction (p. 643) and dehydrogenation reac- 
tions. A chain reaction is induced by a free radical which is formed 
initially from the substrate by removal of a hydrogen atom. In the 
Cannizzaro reaction it is assumed that the C 0 H 5 CO radical is produced 
through reaction of a molecule of benzaldehyde with the ion of a heavy 
metal present in minute amounts. The radical then initiates the fol- 
lowing series of reactions: 


C 6 H 5 CO + CellbCHO + 11,0 -* C 6 H 5 C0 2 H + C e H*CHOH 
CfiiisCiioii + c«h 5 ciio -> c*ii»cii 2 oh + c«n*co 

There Is a close parallelism between the addition reactions of the 
double bond in unsaturated compounds and those of the triply linked 
carbon atom in free radicals, and a number of investigators have been 
forced to the conclusion that the double linkage may open to a slight 
extent to a single bond with the formation of a biradical. Enzymes, ac- 
cording to Freundlieh, may perhaps be free radicals which arc stabilized 
because they are adsorbed at a suitable interface, and the function of 
certain enzymes in reactions is to produce a free radical from the sub- 
strate by removing a hydrogen atom. It has been suggested that the 
formation, addition, disproportionation, and polymerization of free 
radicals may play an important role in the process of biological synthesis 
and degradation of living cells, under the influence of mild reagents and 
low r temperatures. 
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INTRODUCTION 

The ability to undergo addition reactions is the organic chemist’s 
primary criterion of unsaturation, and the three distinct types of organic 
compounds which meet this requirement constitute the great bulk of 
organic chemisty. In substances of the first, type, unsaturation is 
associated with a strained ring structure (p. 100) and addition reactions 
result in ring opening. Cyclopropane and ethylene oxide are examples. 
In substances of the second type, unsaturation is confined to a single 
atom, and addition reactions result in an increase in valence of that atom. 
Triphenvlmethyl and trimethylamine are examples. In substances of 
the third type unsaturation is shared by two adjacent atoms. Ethylene 
and acetone are examples. This last type of unsaturated compound is 
by far the most common of the three, and it is the only type which will 
be dealt with in this chapter. 

The six unsaturated groups will be considered: C=C, 0=0, C=C, 
C=X, C=N, andNOg.* Frequently organic compounds contain 
more than one of these six unsaturated groups and in such cases the 
groups present may be alike or different. When more than one unsalu- 
rated group is present in a molecule the organic chemist distinguishes 
between three possibilities: twinned double bonds or systems, such as 
C— C— C, where two unsaturations arc shared by the same atom; 
conjugated multiple linkages or systems, such as 0=0 — C=(), 
where alternate single and multiple linkages are present; and separated 
multiple linkages or systems, such as C=C — (CH^U — C=C, where 
one or more saturated atoms separate the multiple linkages. Not. all 
these possibilities can or need be considered in this chapter. The dis- 
cussion will be confined to systems containing but one unsaturated 
group or one unsaturated group and an aromatic ring system, to twinned 
double bonds, and to conjugated systems. 

Although unsaturation means primarily the ability to undergo 
addition reactions, there is also associated with it the activating effect 
which unsaturated groups exert on nearby atoms. Victor Meyer as 
early as 1872 observed the surprising reactivity of the a-hydrogen atoms 
in the nitroparaffins and later began a systematic search for other such 
activating or “negative” groups. 1 Later Honrich showed that all such 
activating groups were un, saturated. 2 The activating effects of unsatu- 

* The nitroso fN=Oj and azo (N=Xj groups arc not considered in this chap h 11 - 
They are discussed in Sidgwick, “The Organic ( hern is try of Nitrogen," new ediU<n 
revised by Taylor and Baker, Clarendon Press, Oxford (1037), Chapter Ml a,icl ^ 
431-437. The urisaf oration present in nitrones, azoxy compounds, and amine oxic 1 
covered in an article by Smith, 0/,/m. Hex., 23, 193 (1038). 

1 Meyer and Stijber, Her., 5, 300 (1872). 

2 Honrich, Ber., 32, Gf»8 (1890;. 
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rated groups play a role in chemical reactivity exceeded in importance 
only by the addition reactions of these unsaturated groups. As the 
chemical behavior of the various unsaturated groups is described, the 
ways in which and the extent to which they activate adjacent atoms 
will be indicated. 

Unsaturation of the type which is being discussed is almost univer- 
sally represented at present by the double or triple bond with the 
understanding that each individual linkage represents a pair of shared 
electrons. This was not always the case. The ethylenic double bond, 
for example, was originally represented by a single linkage between two 
carbon atoms each of w r hich possessed one free valence. It was soon 
recognized, however, that these free valences always occurred in pairs 
shared by two adjacent atoms and that addition reactions always 
saturated both free valences. From this point it was but a short step 
to represent the two free valences as combining with each other to 
form a second linkage between the two atoms involved. It was carefully 
stated that the double bond did not imply twice the strength of the 
single bond; rather, it implied reactivity hy addition. It is important 
to realize that the current method of representing unsaturation by 
double or triple bonds reveals nothing about the rates at which addition 
reactions take place, nothing about the mode of addition where more 
than one mode is possible, and nothing about the mechanism of addition. 
Attempts to devise a representation of unsaturation which will convey 
this information have not so far been successful. 


SYSTEMS CONTAINING ONE UNSATURATED GROUP OR ONE 
UNSATURATED GROUP AND AN AROMATIC RING 


The Carbon-Carbon Double Bond 

The carbon-carbon double bond, which is the most important 
example of unsaturation shared by two like atoms, gives rise to a wide 
variety of addition reactions and also serves to transmit the activating 
or inactivating effects of substituents or other unsaturated groups. 3 


C0 2 C 2 II 5 

I + ch 3 ch=chco 2 c 2 h 5 
coaii 6 


coch 2 cii=chco,c 2 h 6 
I + C 2 H 5 OII 


co>c 2 h 5 


Activation of adjacent atoms by tin*, isolated ethylenic linkage is 
^either frequent nor striking. Probably the most important excep- 
tions to this statement are the greater reactivity of the allyl halides as 

3 Fug on, Chan. Rev., 16, 1 (1935) ; Blutt, J. Org. Chan., 1, 154 (1936). 
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compared with the propyl halides and the ease of oxidation of the system 
— CH=CH — CH 2 — to furnish an a,/3-unsaturatcd ketone. 4 

Reduction. Of the many addition reactions of the ethylenic linkage 
none is more general than the addition of hydrogen which, because of 
its wide applicability, is used to determine the number of ethylenic 
double bonds present in organic compounds. For the isolated ethylenic 
double bond, catalytic hydrogenation is the method par excellence; 
metal combinations are without effect.* 

Catalytic hydrogenation may be carried out at the ordinary temper- 
ature and pressure when specially prepared, highly active forms of 
platinum and palladium are employed. Less expensive but also less 
effective is finely divided nickel whose use generally requires both high 
pressure and temperature or a vapor phase reduction, improvements 
in the preparation of nickel catalysts 5 have led to highly active material 
which will bring about the hydrogenation of many ethylenic compounds 
in the cold. 6 Catalytic hydrogen adds most rapidly to isolated double 
bonds, less so to open-chain conjugated double bonds, and least of all 
to the conjugated double bonds present in aromatic ring systems. 
Consequently, by a suitable choice of catalyst, temperature, and pres- 
sure, hydrogenation may often be made selective 7 and may almost 
always be made complete. The failure to reduce certain biphenyl 
derivatives is apparently the one ease in which catalytic reduction of 
ethylenic linkages has not been possible. 8 

Oxidation. Under the general topic of oxidation a closely related 
group of reactions will be considered, some of which lead to the addition 
of an atom of oxygen or two hydroxyl groups to an ethylenic linkage, 
while the others lead to cleavage of the molecule at the double bond. 
The first few reactions arc useful primarily in synthetic work; the 
remaining reactions are useful chiefly in degradative studies. Peracetic, 
perbenzoic, and monoperphthalic acids form epoxides by addition of an 
atom of oxygen to ethylenic linkages. The reaction is of somewhat 


1 Semmler and Jakubowicz, lier., 47, 1143 (1914); Blumann and Zeitschel, Bcr 47, 
2623 (1914); Windaus, Ber., 53, 488 (1920). 

* Metal combi nations, which are discussed more fully in connection with the reduction 
of carbonyl compounds, will reduce the eUiylenic side chain in styrene and its analogs 
but will not reduce the side chain in allyl benzene arid its analogs. Toward metal coin 1 
nations and toward a variety of other reagents, styrene and the substituted vinyl benzenes 
behave like substances containing a conjugated system of ethylenic double bonds. 0 
Bequently, those reactions of styrene and its analogs which arc the reactions of con 
jugated systems will be discussed under that heading. 

6 Covert and Adkins, J. Am. Chem . Soc., 54, 4116 (1932). 

6 Dupont, Bull , soc. chim [5] 3, 1021 (1936). 

7 Spath, Bf.r., 70A, 83 (1937); Adkins, Ind , Eng. Chem., 32, 1189 (1940). oin ^ 
reference 50(h), and p. 797. 

8 Waldeland, Zartman, and Adkins, J. Am, Chcm. Hoc., 55, 4234 (1933). 
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limited applicability, and epoxides are not the sole products. Accord- 
ing to Boeseken, who has made the most thorough study of the reaction, 
the process involves the addition of a mole of peracid followed by the 
elimination of a mole of acid. 9 

RCO*OH + >C=C< -► >C — C< — >C C< + RC0 2 H 

1 1 \ 0 / 

Oil OCOlt 

Many ethylenic compounds on treatment with the iodo-silver benzoate 
complex furnish the benzoates of 1,2-glycols. 10 In a few cases the 
acetates of 3,2-glycols can bo obtained by treatment of an ethylenic 
compound with lead tetraacetate. 11 The 1,2-glycols themselves result 
from the catalyzed addition of hydrogen peroxide to ethylenic double 
bonds. 12 

Totassium permanganate reacts with many but not all ethylenic 
double bonds. A safe generalization is that permanganate will react 
readily with any ethylenic linkage where each ethylenic carbon atom 
holds at least one atom of hydrogen, and it will react with many ethyl- 
cnic linkages where one ethylenic carbon atom holds at least one atom 
of hydrogen, but it will rarely react with completely substituted ethylenic 
linkages. Obviously, Baeyer’s qualitative test for the ethylenic linkage 
using permanganate is not reliable. However, when it docs react, 
permanganate is extremely useful. It can be used in alkaline, neutral, 
or acidic solution and in water or acetone. If it is used in cold, buffered, 
dilute, aqueous solution the reaction loads to the addition of two hydroxyl 
groups and the product is a 1, 2-glycol. 13 Ordinarily, however, the 
oxidation is carried further and the molecule is cleaved between the 
carbon atoms originally joined by the double bond to furnish aldehydes, 
ketones, and acids. Such oxidative cleavage with permanganate is 
often used in the determination of structure. In so doing it should be 
kept in mind that ethylenic linkages frequently sliift in the presence of 
alkali so that the end products of permanganate oxidation, though show- 
ing accurately enough the whole of the parent molecule, may not 
indicate the original position of an ethylenic linkage. 

9 Bwseken and Elsen, Rcc. trav. chirn,, 48, 363 (1929); Boeseken and Schneider, J, 
iML them., 131, 285 (1931) ; Bohme, Brr., 70, 379 (1937). 

10 Prevost, Coinpt. rend., 196, 1129 (1933); A tti X° congr. intern, chirn., 3, 318 (193'J) 
l< "' A., 33, 81873 (1939)]. 

1 Dimroth and Schweizer, Her., 56, 1375 (1923); ( ricgco, A nn., 481, 263 (1930). 

12 Milas and Sussman, J. Am. (’hern. Soc., 59, 2345 (1937.) ; Milas, Snssman, and Mason, 
61, 1844 (1939). C ompare Treihs, Bn., 72, 5 (1939). With certain ethylenes the 

eWs formed are cleaved to aldehydes by the same reagent. Criegce and Richter. An«., 
52a - 94 (1930). 

13 Wa gncr, Bcr., 21, 1230, 3347 (1SS8). 
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Chromic acicl functions as an effective complement to permanganate 
as a reagent for the oxidative cleavage of cthylcnic double bonds. 
Simple ethylcnic compounds, which arc oxidized satisfactorily by 
permanganate, are attacked too vigorously by chromic acid for it to be 
of value. Highly substituted othvlenic compounds, particularly highly 
phenylated compounds, which are unaffected by permanganate are 
frequently oxidized by chromic acid to furnish .significant products. 

The addition of ozone to the ethylcnic double bond followed by 
decomposition of the resulting ozonides — ozonolysis — is the most 
general and reliable procedure for oxidative cleavage with simultaneous 
location of the double bond/ 4 although ozone is not so specific a reagent 
for the ethylenic linkage as was formerly believed/ 6 The method has 
the decided advantage that it permits isolation of the primary cleavage 
products, for the excess oxidanl, ozone, can be removed before the 
ozonide is cleaved. In oxidations, with permanganate and chromic 
acid the cleavage products are exposed to the action of the oxidant. 

>C=C< + 0 3 -> >C— 0— 0— C< — > >C=0 + 0=C< + HjOj 
I o 1 

Care must be taken in decomposing ozonides not only because they arc 
often highly explosive but also because the hydrogen peroxide formed 
in this process may destroy the primary cleavage products. This latter 
complication may be largely offset by reductive decomposition/ 5 but 
the decomposition of ozonides is more complex than the simple form- 
ulation given above. 17 

Ozone reacts more rapidly w r ith open-chain ethylenic linkages than 
with those present in aromatic ring systems, and it reacts more rapidly 
with a carbon-carbon than with a carbon-nitrogen double bond. Thus 
the ethylenic linkages in the side chain an 1 attacked on ozonization of 
phenylated ethylenes, and the ozonization of triphenylisoxazole fur- 
nishes the benzoate of benzil monoxime. 18 

C 6 II 5 C CC 6 H 5 0a C 6 H 5 CCOC 6 H fi 

X— 0— CC«II. H, ° X— 0— COCeHs 

14 Long, Chem. Rev., 27, 437 (1940). 

15 Du r land and Adkins, ./. Aw. ( hem. Sac., 61, 429 (1930). 

16 Fischer, Dull, and Ertcl, Ret., 65, 1407 (1932); Whitmore and Church, /. Aw. 
Chem. Sac., 54, 3710 (1932) ; Church, Whitmore, ami McGrew, ibid., 56, 17G (1934). 

17 Briner, Perrottet, Pail lard, and Siuw, //We. ('him. Acla, 19, 1103 (1930) ; Briner and 
de Nemitz, ibid., 21, 748 (1938); Briner, dc Nemitz, and I'enottet, ibid., 21 , 702 (lO-lS - 
Briner, Franck, and Perrottet, ibid., 22, 224 (1939). These articles contain a discussion 
of the structure of ozonides. 

18 Meisenlicimer, Rer., 54, 3200 (1921). 
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In general, however, the presence of a carbon-nitrogen double bond 
leads to complications which may render the results of ozonolysis incon- 
clusive. Quantitative data on the rates of ozone addition to ethylenic 
compounds indicate that the loading of ethylenic carbon atoms with 
phenjd groups or halogen atoms decreases the rate of addition . 19 

Ethylenic hydrocarbons may be converted to ethylene oxides by 
means of oxygen and a catalyst, usually silver, at high temperature, s. 2C 

Halogens. Chlorine, bromine, and iodine add to many ethylenic 
compounds. Of the three halogens, bromine is the most useful; chlorine 
is too reactive, and its use is often accompanied by substitution, while 
iodine adds to but few ethylenic compounds. With simple ethylenic 
compounds, the reaction with chlorine at elevated temperatures and in 
the presence of small amounts of oxygen results almost completely in 
substitution. Thus, propylene furnishes alM chloride . 21 

The instant decoloration of a bromine solution without the evolution 
of hydrogen bromide is a valuable qualitative test for an ethylenic 
linkage, but a negative result with this tost is not conclusive. As an 
approximation, the rule which was given for the oxidation of ethylenic 
compounds with permanganate may be applied to the addition of 
bromine: bromine will add to any ethylenic linkage where each ethylenic 
carbon atom holds at least one atom of hydrogen, and if will add to 
many ethylenic linkages where one of the ethylenic carbon atoms holds 
at least one atom of hydrogen, but it will rarely add to completely sub- 
stituted ethylenic linkages. This rule is a very gross approximation 
because it does not take into account the chemical nature of the sub- 
stituents. Unfortunately not a great deal of precise information is 
available about the effects of single substituents on the addition of 
bromine, but it has long been known that the loading of an ethylenic 
linkage with halogen atoms or aromatic groups will hinder addition or 
prevent it completely . 22 

Frequently the products of addition of the halogens to ethylenic 
linkages will dissociate under suitable conditions to regenerate the 
ethylenic compound and halogen — in other words, the process is revers- 
ible. In the great majority of reactions, however, addition is either 
essentially complete or else it does not take place to an appreciable 
extent so that the primary concern is with rates of reaction. In this 
connection it should be emphasized that bromine addition is very 

19 Noller, Carson, Martin, and Ilawkius, J. Am. Chcm. Soc., 58, 24 (1930). 

2 ° ( arliide and Carbon Chemicals Corp., U. S. pat. '2,156,341 [C. A., 33, 5869 (1939)1- 

1 Ci roll, Hearnc, Rust, and Vaughan, hid. Ehr. Chcm., 31, 1239 (1939); Vaughan and 
U8 t, J. Org. Chum., 5, 449 (1940) ; Rust and Vaughan, ibid., 5, 472 (1940), 

2 Bauer, Bcr., 37, 3317 (1904) ; 40, 918 (1907); Reich, van Wijnk, and Waelle, Helv. 
" "” 1, Acta ' 4. -42 (1921) ; Ingold and Ingold, J. Chcm. Soc.. 2354 (1931). 
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sensitive to catalysis both by polar molecules and by light. The mecha- 
nism of halogen additions has been extensively investigated. These 
additions are, in almost every instance, trans , and the two atoms of 
halogen add stepwise, not simultaneously. In polar solvents the second 
step frequently involves some addend other than a second halogen atom 
so that along with 1,2-dihalogen addition products other substances 
are formed. 23 

Not only the halogens but also thiocyanogen 24 and iodine mono- 
chloride and monobromide will add to ethylcnic compounds. The 
addition of iodine monochloride and monobromide to the unsaturated 
glycerides present in such industrially important oils as cottonseed, 
olive, and the like, can be made a quantitative process by operating 
under strictly controlled conditions. The “iodine numbers” thus 
obtained, which are a measure of the unsaturated constituents present, 
serve as a basis for the control of quality of the oils. 25 The addition of 
the iodine monohalides is not satisfactory, however, as a general analyti- 
cal method for ethylenic compounds. 26 

Halogen Acids. Hydrogen fluoride, 27 chloride, bromide, and iodide 
add to ethylenic compounds. The addition is often reversible, and the 
rate of addition, which is usually slow, is markedly subject, save with 
the fluoride, to catalytic acceleration. The halogen acids furnish the 
first important examples of unsymmetrieal addends, and when hydrogen 
bromide, for example, adds to an unsymmetrically substituted ethylenic 
linkage two isomeric products may result. 

Cli 3 CH 2 CH 2 Br «- CH»CH=*CH*+ HBr -> CII 3 CHBrCH 3 

These possibilities were recognized early in the development of organic 
chemistry, and Markownikoff 28 in 1870 presented a generalization, 
based on observations of the behavior of a number of relatively simple 
ethylcnic compounds, which has made it possible to predict in many 
reactions the major product of halogen acid addition. This generali- 
zation, known as Markowmikoff's rule, may be stated as follows: when 
a halogen acid (HX) adds to an unsymmetrieal ethylenic compound, 

23 A review of the evidence for stepwise addition of halogen and a discussion of its 
stereochemical implications will be found in Hammett, “Physical Organic Chennstiy, 
McGraw-Hill Book Co., New York (1940), pp. 147-151. Examples of halogen addition 
involving the solvent are reported by Weber, Hcnnion, and Vogt, J. Am. Chcm. hoc., > 
1457 (1939). 

2i Soderback, Ann., 443, 142 (1925); Kaufmann and Oehring, Rer., 59, 187 (1920)- 

!S Wijs, Ber 31, 750 (1898). Details of the method can be found in most books dea 
with commercial analytical methods. 

u Faragher, Gruse, and Garner, ind. Eng, C 'hem., 13, 1044 (1921). 

* 7 Grosse and Linn, J. Org. Cham., 3, 26 (1938). 

18 Markownikoff, Ann., 153, 250 (1870). 



UNSATIJRATION AND CONJUGATION 


639 


the halogen (X) usually appears on the carbon atom carrying the 
smaller number of hydrogen atoms or the larger number of alkyl groups. 
This rule is approximate, not exact. The greater the differences in the 
chemical nature of the substituents on the ethylenic carbon atoms, the 
more closely it is obeyed. Generally, however, it does serve to predict 
the major product of the reaction. While MarkownikofTs rule; predicts 
adequately the mode of addition of hydrogen fluoride, chloride, and 
iodide, hydrogen bromide often adds in the opposite sense — abnormal 
addition. 29 Recently it has been found that the addition of hydrogen 
bromide to simple ethylenic compounds follows MarkownikofTs rule in 
the absence of peroxides and that in the presence of peroxides or fer- 
romagnetic metals abnormal addition occurs. 30 Proper allowances for 
the peroxide effect and for solvent effects 31 are clarifying many of the 
discrepancies in the literatim; dealing with the addition of hydrogen 
bromide to ethylenic compounds.* It must be emphasized, however, 
that this discussion of MarkownikofTs rule has dealt only with its 
accuracy. No generally accepted theoretical explanation of the course 
of additions to simple ethylenic compounds has been advanced. 32 

Inorganic Oxygen Acids. The inorganic oxygen acids, sulfuric and 
nitric, add to ethylenic double bonds, f Sulfuric acid of various con- 
centrations up to 100 per cent either adds to ethylenic linkages as H 
and OSO3II in accordance with MarkownikofTs rule to furnish alkyl 
sulfuric acids, or serves to add a molecule of water at the ethylenic 
linkage and form alcohols. It has generally been assumed that the 
alcohol synthesis proceeds via an alkyl sulfuric acid which undergoes 
subsequent hydrolysis. However, this interpretation Ls inconsistent 
with the facts that the yields of alcohols are favored by the use of dilute 
acid and low temperatures and that alcohols can be isolated from the 
reaction mixtures under conditions such that the alkyl sulfuric acids 
arc not appreciably hydrolyzed. 33 

13 Kharaseh, Kloiger, and Mayo, J . Qrg. Chcm., 4, 42S (1939). 

30 Kharaseh and Mayo, ,/. Am. Chetn. Soc., 55, 2408 (1933), and later articles. For a 
summary of work on the peroxide effort in the addition of halogen acids and other addends 
to ethylenic, compounds, see Mayo and Walling, Chetn. AVr., 27, 351 (1940). 

31 Sherrill, Mayer, and Walter, J. Am. Chcm. Soc., 56, 920 (193-1); Sherrill, ibid., 5$, 
1045 (1934); Linstcad and Ryrlon, J. (item. Svc., 2002 (1934); Kharaseh and Potts, J. 
Am. Chcm. Soc., 58, 57 (1930) ; Miehael and Wiener, J. Org, Chetn., 4 , 531 (1939) ; O Lon- 
nor, Baldinger, Vogt, and Hennion, ./. Am. Chan. Soc., 61, 1454 (1939). 

* The peroxide effect plays a part in the reactions between cthylencs ami other addends 
than hydrogen bromide. See below under Miscellany, p. 041. 

“Michael, J. Org. Chcm., 4, 519 (1939); Michael and Wiener, ibid., 4, 531; 5, 3RD 
U940). 

t Many ethylenic compounds rearrange and polymerize or polymerize directly in the 
m ^ uora l acids. Compare p. 041. 

Brooks and Humphrey, J. Am. Chcm. Soc., 40, 822 (191S); Plant and Sidgwick, 
■ Soc. Chcm. Ind., 40, UT (1921). 
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In the absence of water it has been believed, following Wieland 34 
that sulfuric and nitric acids added as HO — S0 3 H and IIO — N0 2 with 
subsequent esterification of the hydroxyl group in the compounds thus 
formed. In support of this view was the isolation of ethionic acid 
earbyl sulfate, and 0-nitroethyl nitrate from the interaction of ethylene 
with sulfuric and with nitric acids. Michael has challenged this inter- 
pretation and has shown that the formation of ethionic acid and earbyl 
sulfate takes place only when fuming sulfuric acid is used. 35 For their 
formation he suggested the following processes: 

CH*=CI1 2 + HOSOsOSOsOH -> iio 3 scii 2 cii 2 oso 2 oh 


CH*=CH a + S0 2 S0 2 -> CH 2 — CH 2 


v cy 


S0 2 

I 

0 — 


-so 2 


Using nitric acid and ethylene Michael found that addition takes place 
as H — 0N0 2 ; the nitro esters and nitroalkylenes isolated by earlier 
investigators arc the result of an indirect nitration by means of the 
nitrous oxides generated by oxidative side reactions (p. 176). 35 

Hypohalogen Acids. Hypochlorous and hypobromous acids react 
readily with many ethylenic compounds. In certain of these reactions 
water solutions of the halogen are effective. When an alcohol is used 
as a solvent the product is often that substance which would be obtained 
by the addition of the alkyl hypohalitc corresponding to the alcohol; 
compare the mechanism of halogen addition, p. 637. In hypohalitc addi- 
tions to unsymmctrical ethylenes both possible products are usually 
obtained, but the principal product results from the addition of hydroxyl 
to the carbon atom holding the smaller number of hydrogen atoms 
(contrast the mode of addition of halogen acids described on p. 638). 
The addition of hypochlorous acid to propylene furnishes the same mix- 
ture of isomers in the same proportion that is obtained by the ring 
opening of propylene oxide by hydrochloric acid. 37 In line with this 
fact is the suggestion that hypochlorous acid and ethylenes react first 
to give ethylene oxides and hydrochloric acid; the oxides are then 
opened by the hydrochloric acid to form chlorohy drills. 38 

34 Wieland anil Sakellarios, Her., 52, 898 (1919;; 53, 201 (1920; ; Wieland and iiulni. 
Ber., 54, 1770 (1921;. 

36 Michael and Wiener, J. Am. ( hern. Soc., 68, 291 (1930;. 

M Michael and Carlson, ibid., 57, 1208 (1935;. 

37 Smith, Z. jjhysik, C ’hem., 93, 59 (1919;. 

M Michael and Carlson, J. Am. ( hem. Soc., 57, 1208 (1935). 
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Friedel-Crafts Reactions. A number of reactions may next be con- 
sidered whereby paraffins, cycloparaffins, and aromatic hydrocarbons, 
phenols, acyl halides, and a-chloroethers may be added to ethylenic 
hydrocarbons. These reactions, which are brought about under the 
influence of catalysts such as the chlorides of aluminum, zinc, and 
bismuth, boron trifluoride, hydrogen fluoride, and sulfuric acid may be 
considered as variants of the Friedel-Crafts synthases (pp. 179, 553). 

(CH 3 ) 3 CH + CIl2=CH2 -> (CH 3 ) 3 CCH 2 CH 3 39 
C e H*OH + CH 3 CH=CH 2 C 6 H 5 OCH(CH 3 )2 40 
CdUCOCH- Cir2=CTI 2 CJUCOCIUCIUCl C 6 ir 5 COCII— CII* + HC1 41 

CICHiOCH, + CII 3 CH=CH 2 -> CII 3 CHC1CJ[ 2 CH 2 0CH 3 42 

They are applicable to a wide range of ethylenic compounds. Unless 
the reactions are carried out under carefully specified and controlled 
conditions complex mixtures of products are likely to result, for the 
same catalysts which are effective in the above addition processes are 
also the ones which usually polymerize ethylenic hydrocarbons. 43 
Although these reactions are not of much importance in the laboratory, 
they are of tremendous importance in the manufacture of fuel for 
internal-combustion engines. 

Miscellany. A final group of reactions, the addition of sulfur com- 
pounds, nitrogen compounds, and mercuric salts, remains to be con- 
sidered. These addition reactions are of less general applicability than 
those already discussed, and their study has not progressed to the same 
extent as the study of the addition reactions considered earlier. 

Sulfur chloride adds to many cthylenes: the reaction is the basis for 
the manufacture of mustard gas. 

2CH*=CH S + SoCl 2 -*• ClCHaClIaSCHsCHaCl + S 

Sulfur and hydrogen sulfide react with cthylenes to form mercaptans 
so that the final products in the reaction between these substances and 
ethylenic hydrocarbons arc the products resulting from the addition of 

33 Ipatieff, Groasfi, Pines, and Komarewski, ibid,, 58, 913 (1936) ; Ipatieff, Corson, and 
Hnes, ibid., 58, 919 (1936). 

49 Sown, Hinton, and Nicuwland, ibid., 54, 369-1 (1932) ; Niederl and Whitman, ibid., 
5 &. 196G (1934). 

41 Norris and Couch, ibid., 42 , 2329 (1920) ; Allen, Oressman, and Bell, Can. J . Rc- 
search ’ 8, 440 (1933); Colonge and Mostafavi, Bull. sac. chim., [5] 6, 335 (1939). 

42 Scott, U. S. pat. 2,024,749 (1935) ; Straus and Thiel, Ann., 525, 151 (1936). 

43 Ipatieff and Grosso, J. Am. Chvm. Sac., 57, IMG (1935) ; 58, 915 (1936) ; Nash and 
M:i90n - Ind. En g. Chrm., 26, 45 (1934). 
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mercaptans to the double bond. 44 The peroxide effect is encountered 
in the addition of mercaptans. In the addition of bisulfite to ethylenes 

Peroxide _ _ _ Peroxide 

CH 3 CH 2 CH 2 SCH 2 CH 2 < ch 3 ch=ch 2 + c 2 h 5 sh — > 

present absent 

(CH 3 ) 2 CHSCH 2 CH 3 

the presence of oxygen or peroxides is essential. 45 

Nitrosyl chloride, nitrogen trioxide, and nitrogen tetroxide add to 
many trisubstituted ethylenes and have been widely used in the terpene 
series in order to secure solid derivatives. The bimolecular addition 
products originally formed undergo, whenever possible, a shift of a 
hydrogen atom to furnish oximes. 46 

2R 2 C=CT1R + 2XOC1 -► [R 2 CC1C(N0)HR] 2 -► 2R 2 CC1CR 

XOH 


Recent studies on the trioxide and tetroxide additions indicate that the 
reactions are more complex than was formerly believed and that earlier 
generalizations are of doubtful validity. 47 Phenyl azide and diazo- 
methane add to a limited number of ethylenes, the reactions serving as 
a method of synthesis of triazoles and pyrazoles. 48 


C 6 1I 5 CH Xv C e H 6 CH XC,H* 

r + ||>xc.h # | I 

ch 2 X 7 ch 2 X 

\ N / 

CH^CHBr + CH 2 X s -> CH 2 OK CH— CIK 

I ^X — II \x 


CHHr — XH 7 


CH— NIK 


Organomagnesium halides do not add to the ethylenic linkage. Ihe 
elements of methoxymercuric acetate do add to ethylenes to give 


M Posner, Ber., 38, G4G (1905j; Ashworth and Burkhardt, J. Chem. Soc., 1791 (1928), 
Carothers, J. Am. Chem. Soc., 55, 2008 (1933;; Jones and Reid, if /id., 60, 2452 (19J8) , 
Ipatieff, Pines, and Friedman, ibid., 60, 2731 (1938;; Mayo and Walling, Chem. Bvc., 27, 
351 (1940;. 

45 Kharasch, May, and Mayo, J. Org. Chem., 3, 175 (1938) ; Kharasch, Schenek, and 
Mayo, J. Am. Chem. Soc., 61, 3092 (1939;. 

46 Schmidt, Her., 35, 2323, 3727 (1902) : Schmidt and Leipprand, Ber., 37, 532 (190 j , 
Wieland, Ann., 424, 71 (1921;. 

47 Michael and Carlson, J. Org. Chem., 4, 109 (1939; ; 5, 1, 14 (1940). . 

48 Wolff, Ann., 394, 08 (1912; ; Alder and Stein, Ann., 501, 1 (1933) ; Oliveri-Miiudalf. 
G'azz. chim. ital.. 40 (lj, 117 (1910; ; Wieland and Probst, Ann., C30, 274 (1937). 
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products stable in non-acidic media. The addition is accelerated by 
electron acceptors and retarded by electron donors. 49 

The Carbon-Oxygen Double Bond 

The carbonyl group occupies the same position of major importance 
among unsaturations shared by two unlike atoms which the ethylenic 
linkage holds among unsaturations shared by two like atoms, and the 
addition reactions of the carbonyl group are, for synthetic purposes at 
least, of greater importance than those of the ethylenic double bond. 
There are wide variations in the rates of addition to carbonyl com- 
pounds and equally wide variations in the positions of equilibrium of 
such of the addition reactions as are reversible. Detailed information 
on the relative reactivities of carbonyl compounds in addition reactions 
is found in Chapter 13 (p. 1049) and in the paragraphs below. 

Reduction. In contrast with the ethylenic linkage which is amen- 
able only to catalytic hydrogenation, the carbonyl group can be reduced 
both eatalytically and by means of metal combinations. Catalytic 
reduction leads to the formation of primary alcohols from aldehydes 
and secondary alcohols from ketones. The carbonyl group often acts as 
a poison to platinum catalysts; the catalyst must then either be reacti- 
vated by frequent shaking with oxygen or protected by the addition of 
an iron salt. Such use of iron salts as promoters often makes possible 
the preferential reduction of a carbonyl group in the presence of an 
ethylenic linkage. 50 

Metal combinations, which have not been considered up to this time, 
consist of a base metal (sodium, zinc, magnesium, and various amalgams) 
with a hydrogen donor which may be either an acid, a base, or a neutral 
molecule such as water or alcohol. Aldehydes on reduction with metal 
combinations furnish primary alcohols. Ketones, however, on similar 
treatment undergo bimolecular reduction and give almost exclusively 
1,2-glycols, known as pinacols. When magnesium amalgam is used, a 
magnesium derivative which furnishes the pinacol on acidification can 
be isolated. This fact indicates the importance of the metal in bimolcc- 
ular reductions, and it has been suggested that such reductions proceed 
through the addition of the active metal to the oxygen atom with for- 
mation of a complex having a free valence. This complex can combine 
either with a similar complex or with a second atom of metal. Decompo- 

” Wright, J. Am. Chan. Site., 57, 1993 (1935) ; Bilks and Wright, ibid., 62, 2412 (1940). 
(> Adams and Garvey, ibid., 48, 477 (1920) ; (5) Weygand and Werner, Bcr., 71, 

‘409 (193S); g aucr ulu j Adkins, J. Ami. Chon. 6oc., 69, 1 (1937). 
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sition of the resulting metallic derivatives by the hydrogen donor fur- 
nishes the final products . 51 


MuHbt 

2 (CH 3)20=0 > (CH 3 ) 2 C 


0 C(CH 3 ) 2 

1 I 

0 0 

\ / 

Mg 


(C 1 I 3 ) 2 C— C(CH 3 ) 2 
OH OH 


Complete reduction of the carbonyl group to a methylene group is also 
possible using metallic combinations (the Clemmensen procedure 
employing amalgamated zinc and hydrochloric acid 52 ) or by way of the 
hydrazones or semicarbazones and alkoxides (Wolff-Kishncr method 53 ). 
In certain cases this type of reduction can be effected catalytically . 54 

A third method for reducing many aldehydes and some ketones to 
the corresponding alcohols depends upon the simultaneous dehydro- 
genation of an alcohol to a carbonyl compound . 55 

AKOCjHjh 

CCljCHO + CH 3 CH 2 OII < • > CCI3CII2OH + CH3CHO 


The reaction is reversible, and the carbonyl compound formed must 
be removed in order to carry the reaction to completion. As may be 
observed from the illustration, this process permits the reduction 
of carbonyl groups even when there are present other reactive groups 
which would be attacked by the ordinary reducing agents. Many 
reductions of carbonyl compounds which have been ascribed to 
the Grignard reagent arc in reality due to the process just described. 
For example, the reduction of l>enzaldehydc on treatment with an insuffi- 
cient amount of ethylmagnesium bromide is a result of the reaction 
between the bromomagnesium alkoxide of ethylphenylcarbinol and the 
excess benzaldehyde . 56 A limited number of carbonyl compounds can 
be reduced by the Grignard reagent itself ; the process is entirely different 
from the alkoxide reduction and will be described in connection with 
the addition reactions of the Grignard reagent. 

Organic acids arc extremely difficult to reduce. This probably indi- 

61 Willstatter, Seitz, and Bumm, Bar., 61, 871 (1928). 

« Clemmensen, Ber., 46 , 1838 (1913); 47 , 51, 681 (1914) ; Martin, J . Am. t 'hem. Hoc., 
58 , 1438 (1936; . 

63 Wolff, Ann., 394, 80 (1912). 

64 Faillebin, Compt. rend., 177, 1118 (1923). 

45 Mecrwein and Schmidt, Ann., 444 , 221 (1925) ; I.und, Bar., 70, 1520 (1937) , 

Z. angaxjc. Ctiem., 53, 266 (1940). For a special method of reducing aromatic aldehy Ci ^ 
primary alcohols with simultaneous oxidation of formaldehyde to formic acid 8CC 
Cannizzaro reaction (p. 649;. 

16 Meiscnhcinicr, /Inn., 446, 76 (1926;. 
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cates the absence of a true carbonyl group in the acids themselves, for, 
as soon as the dissociable hydrogen atom is removed by esterification 
or by the formation of derivatives such as lactams, anhydrides, or 
chlorides, reduction takes place more readily. 

Alkali Bisulfite. On treatment with an aqueous solution of an alkali 
bisulfite, almost all aldehydes, many methyl ketones, and a few cyclic 
ketones will add a mole of bisulfite and form alkali salts of a-hydroxy- 
sulfonic acids . 57 These salts are crystalline solids, sparingly soluble in 
the presence of excess bisulfite, and arc of practical importance in the 
isolation of carbonyl compounds. Since, further, the addition reaction 
is reversible, the alkali bisulfite can be destroyed either by alkali or 
acid and the carbonyl compounds can thus be regenerated ; the addition 
products are useful in the purification of carbonyl compounds. 

H /H 

R— C; + NaHSOs <=± R— C— OH 

\ I 

SOjNa 

With simple carbonyl compounds the rate of bisulfite addition is 
decreased by increasing the size or the complexity of the hydrocarbon 
residues attached to the carbonyl carbon atom. The data in Table I 


TABLE I 58 


Substance 

Per Cent Reacted After One Hour 

KHSO 3 

NHaOH 

C 6 H 5 NHNH 2 

Any aldehyde 

70-90 

(C 6 H & CHO 85) 


CH 3 COCH 3 

22 

82 

66 

ch 3 coch 2 ch 3 

14 

75 

52 

CH 3 COCH 2 CH 2 CH 3 

12 

72 

38 

CH 3 COCII(CH 3 )2 

3 

33 

15 

C 2 H 5 COC 2 H 5 

2 

38 

11 

CHjCOCsHs 1 

CII 2 — ch 2 

/ \ 

1 

8 

1 

4 

l h 2 CO 

\ / 

CH 2 — ch 2 

35 

92 

40 


67 liaschig and Prahl, Bcr., 61, 179 (1938); Lauer and Langkammerer, J.Am. Chem. 
^360 (1935); Caughlan and Tartar, ibid., 63, L2G5 (1941). 
Petrenko-Kritschenko and Kantscheff, £cr., 39, 1452 (1906). Compare also Stewart, 
J ■ Chem - Soc., 87, 180 (1905). 
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illustrating those effects are of fundamental importance in any con- 
sideration of the addition reactions of the carbonyl group, for, as will 
be seen later, toward other addends the order of reactivity of simple 
carbonyl compounds is, with few exceptions, the same as that toward 
bisulfite. This statement is not to be interpreted as indicating that the 
steric effects just mentioned are the only factors determining the rate 
of addition to the carbonyl group but rather that they are usually the 
predominant factors. 

Hydrogen Cyanide. In the presence of a base, hydrogen cyanide 
will add reversibly to the carbonyl group to form an hydroxynitrile 
(p. 1035). 59 This reaction, which is of wider applicability than the 
bisulfite addition, is a valuable synthetic tool. 

Rv OH' /OH 

)C=0 + HCN <=> >C<( 

W w n CN 

Grignard *Reagent (p. 495). The Grignard reagent adds irreversibly 
to formaldehyde to yield primary alcohols; to other aldehydes and to 
esters of formic acid to furnish secondary alcohols; and to ketones and 
esters of organic acids other than formic to yield tertiary alcohols. 
Three other reactions, reduction, replacement of a-hydrogen, and con- 
densation, may, however, interfere with the normal addition of the 
Grignard reagent to the carbonyl group. Thus, when diisopropyl 
ketone is treated with isopropylmagnesium bromide, the products are 
diisopropylcarbinol and propylene; when acetomesitylene is treated 
with methylmagnesium iodide it evolves one molar equivalent of methane 
and forms an iodomagnesium enolate from which acetomesitylene can 
be recovered on acidification; and when ethyl phenylacetate is treated 
with isopropylmagnesium bromide, condensation to a, 7 -diphenylaceto- 
acetic ester occurs. The correlation of these three reactions and addition 
with the structures of various carbonyl compounds and Grignard 
reagents is illustrated in Tabic II. 

From the data in Table II it is seen that an increase in the size or 
the complexity of the groups present in the carbonyl compounds or the 
reagent generally decreases the extent of the normal addition reaction. 
However, size and complexity of the substituent groups are not the only 
significant factors. A definite amount of complexity causes less inter- 
ference with addition when it is present in the ketone than when it is 
present in the reagent. These complications so curtail the effectiveness 
of the Grignard reagent as a synthetic tool that, by present methods, 

69 Lapworth, J. Chem. Soc., 83, 995 (1903) ; Lapworth and Manake, ibid., 2533 ( 1928 ), 
1976 (1930). 
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TABLE II 60 


Substance 

CHaMgl 

n-C 4 H 9 MgBr 

or 

n-C3lT 7 MgBr 

iso- 

C 3 Ii 7 MgBr 

lert.- 

CJIjMgCl 

CH 3 CHO 

AA 


A 

A 

(OH 3 UCHCHO 

A 


AA 

AR 

(CHa)sCCHO i 


A A 

AR 

RR 

CH 3 COCIT 3 

AA 

AA 

AA(C) 

A 

CjHbCOCjHs 

AA 

AA 

AA 

C 

CHsCOCH(CIh) 2 . • . . 

AA 


AA(R) 


CH»OOC(CH*)i 

AA 

AR 

EC 

EC 

(CH3) 2 CHCOCH(CH 3 )2 • - 

A A 

AR 

RR 

RR 

(CH 3 ) 3 CCOC(CH3)3 

AA + 

RR 

RR 

RR 

(CH3) 2 CHC0 2 CoH5 



RR 


Cf,H&CH 2 C02C«>H 6 



EE, CC 


C6H 6 COC 6 H5 

AA 

R 

AA 







A = addition. It - reduction. 4* = no reaction with C«H&MgBr. C = condensation. 
E - replacement of a- II. A single letter indicates approximately 50 per cent reaction; a double 
letter indicates greater than 50 per cent reaction. 


it is not possible to prepare secondary alcohols containing two tertiary 
groups or tertiary alcohols containing more than two branched-chain 
groups. The mechanism of reduction by organomagnesium halides is 
not agreed upon ; reduction can generally be avoided by using instead of a 
Grignard reagent the corresponding organolithium compound, and 
frequently the organolithium compounds will add to carbonyl groups 
that arc unattached by the Grignard reagent , 61 

Reformatsky Reaction (p. 548). The Reformatsky reaction 62 is 
related to the Grignard reaction. The preparation of a Grignard 
reagent from a bromoester is not practicable, for the organomagnesiunt 
compound formed from one molecule reacts with the ester group present 
in a second molecule. Treatment of an ester of ail a- or /3-bromoacid 
with zinc in the presence of an aldehyde or ketone results in the forma- 
tion of an ester of a fi- or 7 -hydroxy acid. The Reformatsky reaction, 
because of its selectivity and wide applicability, is a valuable method 
for the synthesis of hydroxyesters and their dehydration products. 

All the addition reactions of the carbonyl group which have been 
considered up to this point can be formulated in the same way: the 

69 Conantand Blatt, J. Am. Chcm. Soc., 51, 1227 (1929) ; Conant, Webb, and Mendum, 
Vrid., 51 „ 1246 (1929) ; Blatt and Stone, ibid., 54 t 1495 (1932); Kharaseh and Weinhouse, 
Jm °rg. Chem., 1, 209 (1936). 

61 Wittig and Petri, Bcr., 68, 924 (1935). 

62 Reformatsky, Bcr., 28, 2842 (1895); Habcrland and Heinrich, Ber., 72, 1222 (1939). 
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addition of hydrogen, or a metal which is replaced by hydrogen in the 
final product, and a second fragment A. The mode of addition is 
always sueli that hydrogen adds to oxygen while the balance of the 
addend goes to carbon, and the primary addition products always con- 
tain an hydroxyl group. 


Carbonyl 

Compound 

H 

/ 

R— C 

V 


0 

H 


/ 


R— C 


\ 


H 


R — </ 

X 


/ 

R— C 


R-C 


/ 

\ 


0 

H 


R-C 


\ 


Addknd 


H— A 


H-H 


H— S0 2 Na 


H— CN 


XMg— R 


Product 

H 


R-C— OH 

I 

A 

H 

/ 

R-C-OH 

I 

H 

H 

/ 

R— C— OH 

1 

SOjNa 

H 

/ 

R-C-OH 

CN 

H 


H 




R— C— OMgX -> R— C— OH 

I I 

R R 


H 


/ 


H 




BrZn— CH 2 COAH 6 R— C— OZnBr R-C— OH 

cihcoahs injCOiCaHs 


In the mode of addition to the carbonyl group there is no such ambiguity 
as is observed in the addition of unsymmetrical reagents to the ethylcmc 
double bond. 

Synthesis and Condensation. The same formulation, addition as H 
and A, applies also to the reactions of condensation and synthesis with 
carbonyl compounds which are next to be considered. In these two 
groups of reactions, however, the primary hydroxyl-containing addition 
products art; seldom isolated; instead the reactions usually go a step 
further and a molecule of water is eliminated with the formation o 
unsaturated compounds. The distinction made here between reactions 
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of condensation and synthesis is a practical rather than a rigorously 
logical differentiation; in reactions of synthesis new carbon- to-carbon 
linkages are formed.* 

In their reactions of synthesis, aldehydes display greater versatility 
than ketones. Aldehydes will undergo reactions of synthetic value with 
themselves, with other aldehydes, with ketones, and with other classes 
of unsaturated compounds. The course of the reaction between two 
molecules of an aldehyde depends both upon the structure of the alde- 
hyde involved and upon the condensing agent employed. Thus, if an 
aldehyde such as benzaldehydo which has no a-hydrogen atoms is 
treated with cyanide ion, certain metals, or ultra-violet light, a benzoin 
is formed. 63 

2C 6 H 5 CHO ^ C 6 H 5 CHOHCOC 6 H & 


The reaction is reversible, 64 and it is possible to prepare mixed benzoins 
by the interaction of two different aldehydes. 65 None of the mechanisms 
suggested for the reaction has gained general acceptance. If, instead 
of cyanide ion, strong alkali is employed, the Cannizzaro reaction takes 
place. 66 In this reaction one molecule of aldehyde is oxidized to the 
corresponding acid while the second is reduced to a primary alcohol. 


2CH 2 0 + NaOH -> CH 3 OH + HC0 2 Na 


The presence of peroxides is essential. 67 A crossed Cannizzaro reaction 
using formaldehyde and an aromatic aldehyde offers a convenient 
method of reducing the aromatic aldehyde essentially quantitatively 
to the corresponding primary alcohol. 68 Still a third variant is the 
Tischenko reaction whereby two molecules of an aldehyde, which may 
or may not contain ^-hydrogen atoms, are converted to an ester by the 
use of an alkoxide catalyst. 69 


2RCH0 


AI(OC 2 H 5 ) 3 
> 


RC0 2 CH 2 R 


* Where no distinction is desirable, it is not. uncommon to find the term “condensa- 
tion" applied to reactions resulting in a new carbon-carbon linkage. 

63 Schorigin, IssuguljaiiK, and Gussewa, Ber., 66, 1431 (1933); Wohler and Liebig, 

3, 270 (1832). 

64 Smith, Ber., 26 , 65 (1893); Anderson and Jacobson, J. Am. Chem . Soc., 45, 830 
U023) ; Buck and Ide, ibid,, 53, 2350, 2784 (1931). 

66 Buck and Ide, ibid., 52, 220, 4107 (1930). 

66 Dele pine and Horeau, Bull. soc. chim., [5] 4 , 1524 (1937) ; Eitel and Lock, Monaish., 
72 . 410 (1939). 

67 Kharaseh and Foy, J. Am. Chem. Soc., 57 , 1510 (1935). 

Davidson and Bogert, ibid., 57 , 905 (1935). 

69 Tischenko, J. Chem. Soc., 92 , 182, 282, 284 (1907). 
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When an aldehyde having an a-hydrogen atom is treated with acids 
or bases aldolization takes place. 


ch^o + gh,^ 


H M 

— ch 3 chohch 2 c/ 

0 ^0 


This first step is easily reversible. A second step, loss of water, which 
is brought about by the same catalysts, is also, but less readily, reversi- 
ble. 

/H /H 

CH3CHOHCH2C4 ^ CH 3 CH=CHC< + HoO 
^0 ^0 


The unsaturated aldehyde formed as a result of aldolization can react 
with another molecule of aldehyde. 


/II 

CH 3 CH=CHC< + ch 3 c4 t± CH 3 CH=CHCHOHCH 2 C^ 
^0 ^0 X 


CH 3 CH=CH— CH=CHC/ + H s 0 
^0 


Progressive aldolization of this type which takes place in the presence 
of strong bases leads eventually to aldehyde resins. 

The term aldolization need not be limited to the reaction between 
two molecules of an aldehyde. It can equally well be applied to all 
those reactions of synthesis which involve the addition to a carbonyl 
compound of an unsaturated compound containing an a-hydrogen 
atom. The primary hydroxyl-containing addition products are seldom 
isolated, however, except in the reaction between two molecules of an 
aldehyde. When the two components are an aldehyde and a ketone, 
the product is usually an unsaturated ketone. 

C 6 H 6 CHO + CH 3 COCeH 6 ^ C 6 H5CHOHCH 2 COC 6 H B 

C 6 H 6 CH=CHCOC*H 5 + h 2 o 

When two a-positions are available in the ketone both may usually be 
made to react and often both the possible products can be obtained. 

C«H*CHO + CH 3 COCH 3 «=* C 6 H„CH=CHCOCH 3 + IW 
CjH s CH=CHCOCHj + C«H*CHO «=* C 6 H s CH=CHCOCH=CHCJI { + HjO 

When an unsymmetrical ketone is employed, the course of the reaction 
can be controlled by the choice of the catalyst . 70 

70 Harries and Muller, Ber., 35, 966 (1902). 
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/ H 

C 6 H 6 C + CH 3 COCH 2 CH 3 

% 


C6H 5 CH=-CHCOCH 2 CH 3 + h 2 o 




ch 3 

I 

c 6 h & ch=ccoch 3 + h 2 o 


The carbonyl group in ketones is less reactive than that in aldehydes. 
As a consequence aldolization between two molecules of a ketone takes 
place but rarely. Exceptions are to be found in the most reactive 
ketones, acetone and cyclohexanone. 

2CH 3 COCH 3 <=* (CH 3 ) 2 CCII 2 C0C11 3 (CH 3 ) 2 C=CHCOCH 3 + H 2 0 


OH 


Aldolization followed by loss of water will also take place between an 
aldehyde and an acid anhydride — the Perkin synthesis — if the reaction 
is forced by sufficiently drastic conditions. The anhydride, perhaps as 
an enolatc, adds to the aldehyde, the sodium salt serving as a basic 


C 6 H 5 C4 + (CH 3 C0) 2 0 
^0 


C*H s CHCH*COOCOCH| 


c.h 6 ch=chco 2 ii + CII 3 C0 2 H 


In support of this mechanism is the fact that the sodium salt can be 
replaced by other basic catalysts, certain amines, or inorganic salts such 
as potassium carbonate. Further, when the Perkin reaction is run with 
benzaldehyde, the salt of one organic acid and the anhydride of a differ- 
ent organic acid, or with equilibrated salt-anhydride mixtures, the ratios 
of cinnamic acid and substituted cinnamic acid formed are consistent 
with the equilibrium position of the interchange reaction 

2CH,C0iNa + (RCH 2 C0) 2 0 <=t (CH 3 C0) 2 0 + 2RCUs00jNa 

only when it is assumed that the anhydride condenses with the alde- 
hyde. The interpretation just given is the original one advanced by 
Perkin; it was for many years believed, following Fittig, that the reac- 
tion involved addition of the sodium salt to the aldehyde and that the 
anhydride dehydrated the resulting addition product.* 

*The interpretation given above ia a result of the work of several chemists. An 
important contribution to this interpretation and an admirable survey of all the evidence 
^ given by Breslow and Hauser, J. Am. Chem. Soc., 61 , 780 (1939), and by Hauser and 
Br eslow. ibid., p. 793. 
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Aldehydes and occasionally ketones may undergo aldolization with 
esters. Metallic sodium or an alkoxide in an hydroxyl-free solvent is 
employed as a catalyst. 

(CII 3 ) 2 CO + CH 2 C0 2 C 2 H s (CH 3 ) 2 C=C— C0 2 C 2 H b 

I ^ I + h 2 o 

ch 2 co 2 c 2 h 5 ch 2 co 2 c 2 h 6 


In the aldolization processes just described the carbonyl group has 
played a dual role; in one molecule it has served as the unsaturatod 
group to which addition takes place, and in the second molecule it has 
served to activate a hydrogen atom in the ^-position sufficiently to bring 
about addition. This second role of activating a-hydrogen atoms is 
also played by other unsaturated groups, and aldolization will take 
place, for example, between a carbonyl compound and an aliphatic 
nitro compound or a nitrile. * 


C 6 H 6 C4 + CH 3 NO 2 ^ C«H & CH=CHN0 2 + H 2 0 
^0 


/ H 

C 6 II S C\ + CJIbCH.CN <=» C 6 H 6 CH=C(C 6 H & )CN + H 2 0 
^0 


At the beginning of this chapter it w T as stated that the activating effect 
of unsaturated groups on adjacent atoms was second in importance 
only to the ability of these unsaturated groups to undergo addition 
reactions. The variety and usefulness of the various aldolization 
reactions which have just been described serve to illustrate this state- 
ment. 

The most important condensation reactions of the aldehydes and 
ketones are those with aniline, hydroxylamine, hydrazine, phenylhy- 
drazine, and scmicarbazide. The first of these gives rise to Schiff’s 
bases; the remaining four furnish oximes, hydrazones, phenylhydra zones, 
and semicarba zones — derivatives frequently used for the isolation and 
identification of carbonyl compounds. The mechanism of these con- 
densation reactions has been shown to involve addition of the reagent 
and subsequent elimination of water from the addition products. 
Both steps are reversible. 

H H 

R— c/ + XHjOH t ± R— C— OH <=► R— c/ + II 2 0 

^0 | ^NOH 

NHOH 

* For a discussion of the reaction mechanism, see Cope, J. Am, Chem. Soc„ 59. 
( 1937 ). 
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The chemical evidence for this mechanism is the isolation in favorable 
cases — chloral, o-nitrobenzaldchyde — of the intermediate addition prod- 
ucts. The physical evidence is the fact that the rates of these condensa- 
tion reactions for a series of carbonyl compounds are comparable with 
the rates of bisulfite addition to the same compounds. In Table I, p. 
645, are shown the rates of oxime and phenylhydrazone formation for a 
comparison with the rates of bisulfite addition. 

More precise measurements of the rates of carbonyl condensation 
reactions are to be found on p. 1049. Here it need only be noted that 
these more refined and extensive modern studies have shown that the 
rates of carbonyl addition reactions are not determined exclusively by 
such steric factors as the size and complexity of the groups present in the 
carbonyl compound. 

The carbonyl group in esters reacts with hydroxylamine, hydrazine, 
ammonia, and similar compounds, but alcohol rather than water is 
eliminated in the second step of the process. The products of these 
reactions, hydroxamic esters, hydrazides, and amides, cannot be dis- 
cussed here. 

The addition of alcohol to aldehydes furnishes hcmiacctals which are 
rarely isolated since they react with a second molecule of alcohol and 
give acetals. 

/H 

h + / c 2 h 6 oh 

CH 3 CHO + C 2 H 6 01I JUt CII 3 C — 011 < > CH 3 CH(OC 2 H 5 ) 2 + II 2 0 

OC 2 H 5 


Ketones seldom form acetals directly, but these derivatives may be 
obtained by condensation with an ester of orthoformic or orthosilicic 
acid. 71 

R 2 CO + HC(OC 2 H 6 ) 3 -> R 2 C(OC 2 H 5 ) 2 + hco 2 c 2 h b 

The addition of water to carbonyl compounds does not take place to 
an appreciable extent under ordinary conditions. From a few social 
compounds, for example chloral and mesoxalic acid, water addition 
products have been isolated. 

Many aldehydes and thioaldehydes when treated with mineral acids 
form two polymers. Ketones do not form such polymers, but thioke- 
tones do. 72 The polymers of acetaldehyde are known as paraldehyde 
atl d rnetaldehydc. Mixed polymers of the paraldehyde type made from 
tw° different aldehydes are also known. The polymerization is reversi- 
klo, and the equilibrium is reached rapidly in the presence of a catalyst. 

Ilelferich and Ilauscn, Ber ,, B7, 795 (1924). 

^Schonberg, Ber., 62, 195 (1929). 
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Since the lower aldehydes are volatile and easily oxidized they are con- 
veniently stored in their less sensitive polymerized forms. 

Paraldehyde [A] contains a six-membered ring including three 
oxygen atoms. The mechanism of its formation probably involves 
addition of the catalyst to the carbonyl group followed by elimination 
in a different manner. In support of such a mechanism is the fact that 
the hydrogen bromide addition product of bromoacetaldehyde, which 
has been isolated, forms the corresponding paraldehyde [B] when treated 
with potassium acetate. 73 


/\ 

CH 3 CH CHCHj 

I I 

0 0 

\ / 
chch 3 

[AJ 


HO Br 

/ \ 

BrClI 2 CII CHCH 2 Br 

I I 

Br Oil 

OH Br 

\ / 

CH 

I 

CH 2 Br 


/°\ 

BrCH 2 CH CHCHjBr 

I I 

0 0 

\ / 

CHCH 2 Br 

IB) 


0 CHCHa 

1 |. 

CHgCII 0 

I I 

0 CHCHa 

1 I 

CHaCH— 0 

[CJ 


Measurements of the rates of paraldehyde formation from acetaldehyde 
show that the slowest step is a trimolecular reaction, which is to be 
expected since the loss of the catalyst in the final step involves three 
molecules. 74 Metaldehyde [C] is a tetramcr, (CH 3 CHO) 4 , containing 
an eightrmembered ring built up of alternate carbon and oxygen atoms 
with a hydrogen atom and a methyl group attached to each carbon 
atom. 75 

Halogens and Halogen Compounds. When certain aldehydes and 
ketones are treated with hypohalitcs, cleavage of the molecule with 
elimination of a haloform results. No intermediate products have been 
isolated from the reaction when it is carried out under the usual condi- 
tions, but by the selection of properly substituted ketones and under 

73 Stepanow, Prcobraschensky, and Schtschukina. Ber., 59 , 2533 (1026). 

74 Hatcher and Kay, Can. J. Research, 7 , 337 (1932). 

75 Hantzsch and Oechalin, Ber., 40 , 4341 (1907) ; Pauling and Carpenter, J. Am. Chew- 
Soc., 58, 1274 (1930). 
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carefully controlled conditions it has been shown that the reaction 
proceeds through stepwise halogenation followed by a chain cleavage of 
the resulting trihaloketoncs. 76 


IICOCH 3 + NaOBr -> RCOCH 2 Br + NaOH 
RCOCHsBr + NaOBr RCOCHBr 2 + NaOII 
RCOCHBra + NaOBr -* RCOCBr 3 + NaOH 
RCOCBr 3 + IIOH -> RC0 2 H + CHBr s 


It is not certain that this mechanism applies equally well to water- 
soluble carbonyl compounds, for measurements of the rates of reaction 
of several substances of this type admit of other interpretations. 77 

Phosphorus penta chloride reacts with many aldehydes and ketones. 
If the hydrocarbon radicals are simple, replacement of oxygen by 
chlorine takes place. Frequently unsaturated monochloro compounds, 
apparently formed by the loss of hydrogen chloride from the expected 
tlichloro compounds, are found among the products. If the hydrocarbon 
residues are complex, the pentachloride sometimes reacts as trichloride 
and chlorine; an a-hydrogen atom is replaced and a chlorokctone results. 
An excess of the halide has no effect 011 the carbonyl group. 

CH 3 CHO + PCU -» CH 3 CHCI 2 + POCI 3 
(CHs)jCHCOCH(CH s ) 2 + PCU -► (CH 3 ) 2 CHC0CC1(CH 3 )2 + HC1 + PCU 

As a consequence of the observation that phosphorus oxychloride was 
a product of the reaction when the oxygen atom of a carbonyl compound 
was replaced by chlorine, Straus suggested that the process involved 
addition of the pentachloride as Cl — PCI4. 78 

Cl OPCI 4 

\ / 

CH 3 COCH 3 + PCU <=* CHs — C — CH 3 -> CH 3 CC1 2 CH 3 + POCl 3 

It should be noticed that the course of the reaction between carbonyl 
compounds and phosphorus pentachloride depends upon the activity of 
the carbonyl group as this activity is affected by the attached hydro- 
carbon residues. With phosphorus pentabromide, however, which is 
less stable than the pentachloride, carbonyl compounds give only prod- 
ucts in which an a-hydrogen atom has been replaced by bromine. 

Oxidation. Aldehydes are easily oxidized to acids having the same 
number of carbon atoms; ketones are oxidized only with difficulty, and 

76 1'uaon and Bull, Cham. Rev., 15, 275 (1934). 

77 Hatcher and Horwood, Can. J. Research, 11, 378 (1934). 

78 Straus, Ann., 393, 235 (1912). 



C56 


ORGANIC CHEMISTRY 


the carbon chain is broken. Since the oxidation of an aldehyde is accom- 
plished by the same reagents which convert alcohols to aldehydes, the 
mechanism is probably the same. Wieland has suggested that the 
oxidation is in reality a dehydrogenation of the aldehyde hydrate and 
that the function of the oxidizing agent is to act as a hydrogen acceptor . 79 
It is known that water adds to aldehydes and sometimes stable hydrates 
can be isolated. Wieland has found that in favorable cases dehydro- 


R— C + HOH 


/ H 

RC— OH 
OH 


RC0 2 H + H, 


gen at ion can be accomplished by means of certain hydrogen acceptors 
not usually considered to be oxidizing agents; methylene blue, azo- 
benzene, indigo, and dibiphenyleneethylene have been so used. The re- 
action takes place in the absence of oxygen as long as the acceptor is 
present. 

Aut oxidation is a common phenomenon with aldehydes and is 
occasionally encountered with ketones . 80 With an aldehyde the end 
product of the reaction is the corresponding acid. Benzaldehyde adds 
oxygen to form an addition product which slowly yields perbenzoic add. 

/ H 

C«H,C< + 0 2 C«H*CHO-Oi -> C 6 H 5 C0 2 0H 

The peracid, which is an oxidizing agent for many unsaturated com- 
pounds, converts a second molecule of aldehyde to acid. 

/ H 

C 6 H 5 C0 2 0H + C 6 H 5 (Y -> 2C 6 H b C0 2 H 


The net result may be represented by the equation: 


/ H 

2RC/ + 0 2 
X) 


2RC0 2 H 


In this instance the perbenzoic acid presumably acts as a hydrogen 
acceptor. 

Autoxidation, which is scasitive to catalysis by ozone , 81 may be 
prevented with surprising ease by the use of a reducing agent as a 


79 Wieland, Ber., 54, 2353 (1921), and numerous later articles. 

80 Jenkins, J. Am. Chem. JSoe. t 57, 2733 (1935). t ^ 

81 Briner and Perrottet, Com.pt. rend. soc. phy s. hist. nat. Gent ve, 54, 101 (1937) K - - ■’ 
32, 0635 (1938)]. 
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stabilizer. Hydroquinone is most commonly used, and as little as 0.001 
per cent is effective. The same “antioxidants” are also effective in 
hindering or preventing the polymerization of many ethy Ionic com- 
pounds. 

The Carbon-Carbon Triple Bond 


The acetylenic linkage is characterized both by its ability to undergo 
addition reactions and by the fact that a hydrogen atom attached 
directly to an acetylenic carbon atom is sufficiently reactive to undergo 
replacement by metals. The formation and reactions of these metallic 
derivatives are discussed elsewhere (p. 525) ; it is necessary to note here 
merely that they are of use in the isolation and identification of acety- 
lenic compounds and as synthetic tools. 

In their addition reactions the acetylenes add two atoms of hydrogen 
or their equivalent to furnish products which contain an ethylenic 
linkage or a carbonyl group, depending upon the nature of the addend; 
the chemistry of the addition products is that of the doubly linked 
unsaturated system which they contain. In general the same reagents 
which add to ethylenic compounds will also add to acetylenic compounds 
so that a detailed review of the addition reactions can be dispensed with. 
Certain reactions, however, merit attention. The addition of hydrogen 
can be controlled so as to furnish ethylenic compounds and, by proper 
choice of the experimental procedure, either the cis ethylenes or the 
trans ethylenes can be obtained. 82 Ozone adds to the acetylenic linkage, 
and the ozonides on decomposition furnish acids as a result of the cleav- 
age of intermediate dicarbonyl compounds by hydrogen peroxide. 83 
This should be compared with the behavior of a-diketones toward 
liydrogen peroxide, p. 671. 


HCsCU + 0 3 


/°\ h 2 o 

IIG=CH — HC — CII — > HC- Oil + HA>> 

11 II. 11 11 

0— O— O 0—0 o o 


21IC0.II 


T r asymmetrical reagents, such as hydrogen bromide, add according to 
MarkownikofTs rule; hydrogen bromide in the presence of peroxides 
undergoes abnormal addition. 84 

(\H,CII=CHBr <- P -°" de ’ C 4 II, 0=011 + IIBr C 4 II 5 CBr=CII 2 

present absent 

^substituted acetylenes add unsymmetrical reagents in both possible 

\VQyg_85 

8! Campbell and Eby, J. Am. Chem. Soc., 63, 216 (1941). 

Hurd and Christ, J. Org. Chem., 1, 141 (1936) ; Jacobs, J. Aw. Chem. Soc., 68, 2272 
0936). 

84 loung, Vogt, and Nieuwland, ihid., 68 , 1806 (1936). 

8S Bourguel, Compt. rend., 178, 1567 (1924). 
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In the presence of suitable catalysts, a wide variety of oxygen- 
containing compounds add to acetylenes. The addition of alcohols 
furnishes ketals, acid chlorides furnish 0-chIoro unsaturated ketones 
organic acids furnish alkenyl esters, and water furnishes ketones. 

RteCR' + 2 C 2 H*OH -> RCXOCslIsHCIIoR' 86 
RC=CR' 4- CH3COCI RC(Cl)=€(R / )COCH3 87 
RC=CR/ + CII1CO1II -> RC=CHR' 88 

I 

OCOCH3 

RC=CH + H 2 0 -> RC=CH 2 -> RCOCHj 

I 

OH 

The hydration of acetylene, itself, can be directed so as to furnish either 
acetaldehyde or acetone. 

CH=CH + H 2 0 -► CH3CHO 
2CH=CH + 3H 2 0 -» CH 3 COCH 3 + COs + H s 

Finally, acetylene in the presence of cuprous and ammonium chlorides 
will add a second molecule of acetylene or a molecule of a monosub- 
stituted acetylene. The reaction makes possible the synthesis of sub- 
stances containing both cthylcnic and acetylenic linkages and when 
applied to acetylene itself furnishes vinylacetylene and divinylacetylcne. 
The first of these products is the starting material for the preparation of 
one type of modem rubber substitute. 89 

HC=CH + HCsCII -> CII^CII -feCH 
CH2 =CH— C=CH + HCssCH -> CHjj=CH C^C -cii=ch 2 

The Carbon-Nitrogen Double Bond 

The unsaturation represented by the carbon-nitrogen double bond 
is found in aldimines, kctimincs, and SchifTs bases and in oximes, hydra- 
zones, and semicarbazones. In spite of the frequency with which such 
azornethines are encountered, relatively little study has been made of 
the behavior of the carbon-nitrogen double bond per se. 

84 Killian, Hennion, and Nieuwland, J. Am. ('.hem. Hoc., 58, 80 (1936). 

87 Kroeger, Sowa, and Nieuwland, J . Org. Chi.m., 1, 103 (1930). 

48 Hennion and Nieuwland, J. Am. Chem. Hoc., 56, 1802 (1934). , 

89 Nieuwland, Calcott, Downing, and Carter, ihid., 53, 4197 (1931)* Collwt^ 
papers of W. H. Carothers on Polymerization,” edited by Mark and Whitby, Inter® ic,lte 
Publishers, New York (1940), 
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Aldimines, ketimines, and Schiff’s bases may be considered as sub- 
stitution products of the hypothetical condensation product of ammonia 
and formaldehyde, CHa^NH. Simple aldimines, RCH=NH, and 
Schiff’s bases derived from formaldehyde, CH 2 =NR, are unknown in 
the inonomolecular state. One monomolecular aldimine and one mono- 
molecular Schiff’s base derived from formaldehyde have been described. 
They are readily hydrolyzed and reduced. 90 Polymeric aldimines and 
Schiff’s bases are hydrolyzed with great case by acids to form an alde- 
hyde and ammonia or an amine, and they are easily reduced to primary 
or secondary amines. Monomolecular ketimines 91 and Sehiff’s bases 
derived from aldehydes other than formaldehyde have been prepared; 
they too are readily hydrolyzed and reduced. 

Schiff’s bases of the type RCH=NR, for example benzalaniline, 
have been studied in some detail. Their behavior in addition reactions 
is reminiscent more of carbonyl compounds than of ethylenic compounds. 
These azomothines will add the Grignard reagent and organolithium 
compounds; the hydrocarbon residue adds to carbon. 92 

C*H 6 CH=XC 6 H 5 + C 6 H 5 MgBr (C 6 II & )oCHXHC 6 H 6 
They will add sodium bisulfite, 93 and hydrogen cyanide. 94 The bisulfite 
C 6 Il 5 CH=NC 6 II B + XallSOa -> C 6 II 6 CHNI1C 8 H5 

S0 3 Xa 

C e II 6 CII=NC 6 II 6 + IICN -► CfilUCHNHCeHs 


CN 


addition product has been formulated as a sulfonic acid by analogy 
"‘ith the bisulfite addition products of carbonyl compounds. It is 
Scribed in the literature as a sulfite ester. Schiff’s bases add organic 
compounds containing an active a-hydrugpn atom by a process which 
is analogous to aldolization, 95 

90 (a) Kohler and Drake, J. Am. Chem. Soc., 45, 1281 (1923); (6) Kohler and Blatt, 
50, 1220 (1928). 

Moureu and Mignonuc, Ann. chim ., [9] 14, 322 (1920), 

82 Busch, Dcr., 37, 2091 (1904) ; Gilman and Kirby, J. Am. Chem. Soc., 55, 1205 (1933). 
{>e «, however, p. 688.) 

* Bkeley and Swisher, Rec. trav. chim., 48, 1052 (1929). 

” Miller and Ploehl. Her.. 31, 2700 (1898). 

S!l Mayer, Bull. toe. chim., [3] 33, 157, 395 (1905); Snyder, Kornberg, and Romig, 
■ Am. Chem. Soc., 61, 3550 (19391. 
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C $ H 5 CH=NC 6 H 5 + CH3COCH2CH3 


and they also add acetic anhydride . 96 


C 6 H 6 CHNHC 6 H 6 

I 

CH 2 COCIIoCH 3 


C 6 H 5 CH=XC 6 H 5 + (CII 3 C0) 2 0 C 6 H 5 CHNC 6 H 5 

i I 

CH 3 C 00 COCII 3 


It is possible to add alkyl halides to the nitrogen atom in Schiff's bases. 
The reaction is the basis of a valuable method for preparing secondary 
amines . 97 


C 6 H 5 CH=XC 6 II 5 + CH 3 I 


c 6 ji 5 ch=n< 


'Clh 

Cells. 


I 


Oximes, hydra zones, and phenylhvdrazones are utilized primarily 
for isolating and identifying carbonyl compounds. These azomcthines 
can be hydrolyzed to regenerate the carbonyl compound and the reagent 
employed in their preparation. They can also bo reduced by catalytic 
hydrogenation or metal combinations, and this reduction, when applied 
to oximes and phcnylhydrazoncs. is an important method for preparing 
primary amines . 93 

RsC— XOH + 2H 2 R 2 CIIXH, + H,0 

RCH=XXHC 6 H S + 2 H 2 -> RCII a XH s + C a H»XH s 


The Carbon-Nitrogen Triple Bond 

The same two reactions, hydrolysis and reduction, which are of 
outstanding importance in the chemistry of the azomethines occupy 
positions of similar importance in the chemistry of the nitriles. Hydrol- 
ysis of nitriles leads eventually to a complete rupture of the carbon- 
nitrogen linkage, but the first step is the addition of water to form an 
amide. 

ROsX + H 2 0 -> RC=XII -» RCOXII 2 

I 

OH 

Like other addition reactions, this hydrolysis is very sensitive to changes 
in the nature of the substituent group R. Thus it is extremely difficult 
to hydrolyze tertiary aliphatic nitriles or di -ortho substituted aromatic 
nitriles. 

85 Ekeley, Swisher, and Johnson, Gazz . chim. ifal., 62, 81 (1932); Snyder, Levin, a n( l 
Wiley, J . Am. Chrtn. Hue., 60, 2025 (1938) . 

97 Decker and Becker, Ann., 395, 362 (1913). , 

* 8 Hartung, J. Am. Chan. 80 c. , 50, 3370 (1928) ; 53, 2249 (1931); Ttilel, Ber. t 19, ’ 

2415 (1886). 
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The addition of hydrogen, which may be brought about cither cata- 
Ivtically or by metal combinations, would be expected to yield a primary 
amino- Actually there is a marked tendency to form secondary amines. 
The formation of secondary amines can be suppressed by employing 
acetic anhydride as a solvent when a platinum catalyst is used," or by 
reducing with Raney nickel in the presence of ammonia . 100 The follow- 
ing mechanism has been suggested for the formation of a secondary 
amine on the reduction of a nitrile . 101 

RCseeN RCH=NII — * RCII2XII2 

RCTT— Nil + RCH2NH2 > RCH=XCTT 2 R + NH 3 

RCH=NCH 2 R + II 2 > RCH2NHCH5R 

The Grignard reagent adds to nitriles to form metallic derivatives of 
kctimincs . 91 

RC=N + li'MgX -> RCR' 

ii 

NMgX 

In addition to the usual limitations resulting from an increase in the size 
or complexity of the group R, poor yields arc frequently obtained be- 
cause some of the nitrile reacts in the tautomeric imide form, RCIi= 
C=NH. Many nitriles show evidence of this type of tautoinerisin in 
other reactions. The Grignard reagent in certain cases also brings about 
intermolecular addition; one molecule of nitrile, acting as HA, adds to 
the triple linkage of a second molecule to form an imine. Numerous 
organoalkali compounds are excellent catalysts for this reaction. 10 - 

The Nitro Group 

In the chemistry of the nitro group the activating influence of the 
unsaturated group on «-hydrogen atoms is of more importance than its 
addition reactions. In fact, the only addition reactions which need be 
considered are reduction and the addition of alkoxides. 

Reduction of the nitro group can be brought about by a wide variety 
of reagents, and the course of the reduction is controlled by the structure 
°f the nitro compound, the nature of the reagent, and the conditions 
under which the reaction is carried out. It suffices to point out that 
D hro compounds can always be reduced to primary amines and they can 

S9 C’arothera and Jones, J . A?«. Chevi. Soc., 47, 3051 (1925). 

100 Schwoegler and Adkins, ibid,, 61, 3490 (1039). 

j® 1 w Braun, Blessing, and Zobel, Her., 56, 19SS (1923). 

Ziegler and Ohlinger, Ann., 495, 84 (1932); Ziegler, Ebcrle, and Ohlinger, A nn., 
5 °t 94 (1933). 
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sometimes be reduced to nitroso compounds, hydroxylamines, oximes 
azoxy compounds, azo compounds, and hydrazo compounds. The chief 
practical importance of these reactions is in the field of aromatic chemis- 
try where they lead to dye intermediates. 

Organometallic compounds bring about reduction of the nitro group' 
the process is both complex and obscure (p. 504). Aromatic nitro com- 
pounds can be reduced to secondary amines ; 103 aliphatic nitro compounds 
are reduced to dialkylhydroxylamines. In both reactions, addition as 
well as reduction takes place, and in the latter reaction one of the alkyl 
groups in the product is more complex than either the alkyl group of the 
reagent or the nitro compound . 104 

Alkoxides convert nitro compounds containing an a-hydrogen atom 
to metallic derivatives of the act-form, but if the alkaline treatment is 
prolonged the reaction goes past this stage. Nitro compounds which 
contain no a-hydrogen atoms will add a molecule of alkoxide . 105 

Aldolization reactions involving a nitro compound which contains 
an a-hvdrogen atom and carbonyl compounds or azo me thin os art* 
important in synthetic work. The reactions with formaldehyde, 
benzaldehyde, and benzalaniline are typical. (Compare also the addi- 
tion of nitro compounds to conjugated systems, p. 676). 


CH 2 0 + ch 3 xo 2 CH 2 0HCH 2 N0 2 


C 6 H 5 C; 


V 


CII 3 XO 2 -> C 6 H & CH=CHX0 2 + H*0 


C 6 H 6 CH=XC 6 H 6 + CH3XO2 -► CeHsCHXIICfiHs 

CH2XO2 


THINNED OR CUMULATIVE DOUBLE BONDS 

Five systems of twinned or cumulative double bonds, allenes, 
cumulenes, ketenes, isocyanates, and carbodiimides, require attention. 
Allene, CH 2 =C=CH 2 , and its derivatives offer little that is novel in 
the way of addition reactions. The two ethylcnic linkages act inde- 
pendently of each other, and they add the same reagents which add <0 
isolated ethylenic linkages . 106 The mode of addition is in accordance 
with MarkownikofFs rule, and the addition is subject to the same 
influences from substituent groups which were observed with ethylcnic 

103 Gilrnan and MrCrar/ken, J . Am. Clurm . Soc., 51, 821 (1929). 

m Be wad, Bar., 40, 3065 (1907). 

11,5 Mcisenhcimer, Ann., 323, 219 (1902). 

105 A free and I.aForge, J. Org. Cham., 5, 130 (1940j. 
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compounds. Simple allcncs polymerize to yield, among other products, 


cyclobutane dcrivat ives. 1 07 

2(CH 3 ) 2 C=C=CH 2 


(CH,)sC=C— CH 2 
(CH 3 ) 2 C=C— ch 2 


Alkyl-substituted allenes rearrange under the influence of alkali to 
furnish acetylenes, 108 and aryl-substituted allcncs rearrange in an acid 
medium to furnish indenes. 109 

Compounds containing several twinned ethylenic linkages, the 
cumulenes, (CfiH 5 )oC=C— C=C(C6H fi ) 2 , are also known. 110 These 
substances are colored, add hydrogen and halogens readily, react 
sluggishly with permanganate, and are stable toward molecular oxygen. 
They are inactive in the diene synthesis and should be contrasted with 
I he conjugated polyenes described below on p. 693. 

Kctcne, CH 2 =C=0, and its derivatives are among the most 
reactive of all unsaturated compounds in addition reactions.* Originally 
it was held that ketones contained ail abnormally reactive ethylenic 
linkage and that all addition reactions of ketones were additions to the 
carbon-carbon double bond. It is true that the final products in all the 
addition reactions of ketenes contain the addend attached to what were 
the ethylenic carbon atoms. With two reagents, however, specific 
evidence has been presented to show that addition is to the carbonyl 
group and that kelonization of the primary addition product follows. 
The addition of /-menthol to phen yl-p-toly lkc tone followed by hydrol- 
ysis furnishes an optically active phenyl-p-tolylacetic acid. This is 
interpreted as showing the statically directed ketonizalion of the primary 
addition product [A]. 111 


JhCH«C,TI < v 

;C C=0 -f- /-menthol 
Coll/ 



ch»c 8 h 4 > 

C ,n,' 


>CHC0 2 mciitliyW 


CHsCJU * 

VfiTCChH 

CoH/ [O ptically 
active] 

197 Lebedeff, J. Cham. Soc., 100, 774 (1911). 


; Favor sky, J. prakt. Chcm., [2] 37, 417 (1888) ; [2] 44, 208 (1891). 

3 Vorlander and Siebert, Bcr., 39, 1030 (1900) ; Kohler, Am. Chcm. J 40, 220, 231 


t Kuhu and Wallenfels, Ber., 71, 7S3, 1510 (193S). 

The monograph by Staudinger, "Die Ketene," Enke, Stuttgart (1912), summarizes 
lbe early work on ketenes. 

Woisg . A/o«a/«A M 40, 391 (1919). 
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In the addition of the Grignard reagent to diphenylketene a proof of 
the structure of the primary addition product [B] has been accomplished 
by replacement of MgBr with a benzoyl group . 112 


(C 6 1I 5 ) 2 C=C=0 + C*IIfiMgBr - 

HX 

/ 

| (C ell 5) 2 C=C — OTT 

C«II # 


(C 6 H 5 ) 2 C=C— OMgBr 
^ |B) Celb V^COCi 


(c c n 5 v.cnco 

I 

0 6 II 5 


fills 

'a 

(C«H 6 )sC=COCOCiH> 

I 

CfiHfi 


On the basis of this evidence it is a reasonable conclusion that only 
those addends which are characteristic for the ethylenic linkage add to 
that linkage in ketenes, while those addends which are characteristic for 
the carbonyl group add to the carbonyl group in ketenes, and that 
addition to the carbonyl group is followed by kotonization . 113 The addi- 
tion of oxygen and of halogen, the polymerization of disu Instituted 
ketenes, and the combination of ketenes and ethylenic compounds 111 
may be formulated as addition to the ethylenic linkage. 

(C 6 I 1 « 0 , C=C =0 + Os - (C 6 Hs) 2 0 — C =0 -> (C 6 H 5 ) 2 CO + C 0 > 

I I 

0—0 

(C 6 H 5 ),C=C =0 4- Cl* -> (C e H 4 ),CnCOCI 
2 (C 6 H 5) 2 C =C =0 -* (C 6 H 5 ) 2 C— c=o 

i I 

0 — C— C(C 6 II ») 2 

The addition of water, ammonia, amines, and halogen acids, that is HA 
reagents, is formulated as addition to the carbonyl group followed by 


ketonization. 


(C ell 5)20=0=0 + non - 

/) H 

-* (CeII*)*C=C< -► (C*II») 2 CHC 0 sH 

X 0 H 

( 0 6 H 5 ) 20 =C =0 + HOI - 

/OH 

-> ( 0 6 H 5 ),C=C< -> (C 6 H 5 ) 2 C 1 IC 0 U 

X C 1 


112 Gilman and Hcckert, J. Am. Chem . Soc., 42, 1010 (1020). The mechanism of this 
reaction is discussed on p. 514. 

113 Staudinger, /Mr. ('him. Acfa, 5, 07 (1922). n 

114 Lewis, Bamage, Simonson, and Wain wright, ,/. Chi-m. Sac., 1837 (1937) ; 
and Blum-Borgmann, ibid., 727 (193$); Smith, Agre, Ieekley, and Prichard, .7. Am. 

Soc., 61, 7 (1939). 
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Kctenes do not take part in the diene synthesis (p. 685), but they 
do add acetylenes to give substituted a-naphthols. 115 

It is probable that the addition of HA reagents to the twinned 
double bonds in isocyanates follows the same course as the addition of 
these reagents to ketenes. 116 


C e IUN=C=0 + C # II*MgBr -> C 8 II 5 N=C— OMgBr 

y i,n, 

C 6 IT 6 N=C— Oil CflHbNHCO 

i/ell( CJIj 

/OH 

c 0 iisN=c=o + h 2 o -► cji 6 n=c< -► c 6 mxiico 2 ii - c«iunh 2 + eo 2 

\)II 


/OH 

C6H(,N=C— 0 + C # H 6 NII 2 -> C 6 II 6 X=C< > CelltNIICONHCelU 

^NHCells 


/OH 

C s H t N=a=0 + CzIIfiOII C 8 H 8 N=C< - C6H 5 NIIC0 2 C 2 lIi 

x OC 2 H 6 


Because they furnish characteristic solid derivatives by interaction with 
alcohols and amines the isocyanates are used for the identification of 
these two classes of compounds. 

Twinned double bonds and characteristic activity in addition reac- 
tions are also found in the carbodiimides — a group of compounds which 
lias been known for many years 117 but which has become available for 
study and use relatively recently. 118 Carbodiimides add, among other 
reagents, amines to form guanidines and acids to furnish acyl ureas. 


OsIbN -C=NC 6 IU+C 6 H 6 NH 2 -^CdUXHC—XCells 

1 

CJUX1I 

CeTUNCONTTCdU 
Celbio 

Roth reactions are obviously 1,2-additions. 


CJbN=C=NCJT»+C 6 H 6 C0 2 H ■ 


C ell bN — C=N C 6 II 6 


Lc.H fc io Oil 


11,1 f'Diitli and Hoehn, J. Am. Client . Sue., 63, 11S1 (1941). 

116 Gilman and Kinney, ibid., 46, 493 (1924). 

. 117 tjfhall, J. prakt. Chan., [2] 64, 2G1 (19U1) ; Busch, Blumc, and Pungs, ibid., [2) 79, 
dI 3(1909). 

" 8 ^ctyache and eollalrorators, Der., 71, 10SS (1938), and several later articles; Schmidt 
atld Cfjl bborators, Bcr., 71, 1933 (1938) ; 73, 280 (1940). 
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CONJUGATED SYSTEMS OF MULTIPLE LINKAGES 

Relatively early in the development of organic chemistry abnormal- 
ities were observed in the course of certain of the addition reactions of 
substances which contained alternate single and multiple linkages. 
Thus, to use a comparatively recent example, when one mole of hydrogen 
is added to 1,4-diphenylbutadiene, addition takes place not at either of 
the cthy Ionic linkages but instead at the ends of the conjugated system. 119 

C6lI 5 CII=CH— CH=CHC 6 Hs + Ho -> C 6 H 6 CH 2 CH=CHCH 2 C 6 H 5 

This type of addition is termed conjugate addition. 120 In an important 
article published in 1899, Thiele assembled many of the earlier data on 
conjugate addition, presented new evidence to show that many addition 
reactions not ordinarily considered so were conjugate, and proposed the 
theory of partial valence to account for the phenomenon. 121 

In Thiele’s theory the initial assumption is made that not all the 
available affinity is used by a double bond between two atoms: the 
unused affinity on each atom is called a partial valence and is repre- 
sented graphically by dotted lines as in I. In a conjugated system the 
partial valences present on the intermediate atoms (2 and 3 in formula 
I) neutralize each other so that the effective unsaturation is localized at 
the ends of the system as shown in II. Addition to such a system will 
take place at the end atoms and, since the addend will require more 
affinity than is available from the partial valences, the double bonds 
will be broken, a new double bond will be formed, and the final product 
will be III. 

1 2 3 4 

CH2=CH— CH=CH 2 CH2=CH— ch=ch 2 

I II 

Thiele’s explanation of conjugate addition was eagerly adopted— so 
eagerly, indeed, that at first but scant attention was paid to the fact 
that, although the theory of partial valence requires 1,4-addition exclu- 
sively, many cases of 1, 2-addition to conjugated systems were known. 
In order to reconcile the general theory with these exceptions, Hinrich- 
sen modified it so as to take into consideration the nature of the sub- 



119 Straus, Ann., 342, 256 (1905). 

120 Lutz, J. Am. Chem. Soc., 51, 3008 (1929). The converse of this process, 1,4-eliniin® 
tion to form a conjugated system, is frequently encountered, but a discussion of . 
elimination is beyond the scope of this chapter. C ompare p. 108 of refeienre 121 (a)- 

121 Thiele, Ann., (a) 306, 87 (1899); (6) 308, 333 (1899); sec, also, Michael, .A - lM1, 
Chem. Soc., 59, 744 (1937). 
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stituents attached to the conjugated system and the nature of the 
addend. 122 More recent developments have supplied plausible electronic 
interpretations for the occurrence of both 1,2-addition and conjugate 
addition as well as for the frequently observed interconversion of 1,2- 
and 1,4-addition products.* Lack of space, as well as the fact that there 
is not complete agreement between various electronic explanations, 
prevents a discussion of these modern interpretations in this chapter. 
Instead a descriptive treatment of the chemical behavior of the more 
important types of conjugated systems will be presented, stressing those 
reactions in which conjugated systems behave differently from their 
component unsaturated groups. Some physical properties associated 
with conjugation are considered elsewhere (Chapter 23). 

The Dienes and Enynes 

Dienes can be reduced either catalytically or by means of metal 
combinations. When hydrogen and a catalyst are used reduction can 
always be made complete. Often, in the catalytic reduction of dienes, 
the rate of 1,4-addition of hydrogen to the conjugated system is suffi- 
ciently greater than the rate of 1,2-addition to the resulting isolated ethyl- 
cnic linkage to permit the two steps in the reduction to be followed exper- 
imentally. With other dienes, however, this is not so, and, in the addi- 

12 3 4 

lion of one mole of hydrogen to dienes such as RCH=CH — CH=CHR / , 
1,2- and 3,4- and 1,4- additions have been reported. 123 Sometimes, also, 
using one mole each of diene and hydrogen, there is formation of the 
completely reduced product at the same time that some of the diene 
is unattackcd. 

The addition of hydrogen to open-chain dienes by means of metal 
combinations is always conjugate, and, since the isolated ethylenic 
linkages thus formed are not reduced by metal combinations, reduction 
is never complete. The phenylated ethylenes (styrene, stilbene, and their 
analogs) behave as if the ethylenic linkage was conjugated with the 
nuclear double bonds, for these substances are reduced by metal com- 
binations. The mode of hydrogen addition is 1,2, however, and phenyl- 
ated ethanes are formed. 

m Ilinrichsen, Ann., 336, 182 (1904). 

* l'or a discussion with leading references, see Waters, “Physical Aspects of Organic, 
(■hernia try,” D. Van Nostrand, New York (1936), Chapter XV. Compare, also, Ingold, 
dim. R, iV , t 15 225 (1934); Baker, “Tautomerism/’ Routledge and Sons, Ltd., London 
U934), pp. 248-262; and Muskat and Northrup, J. Am, Chan, Soc , 52, 4043 (1930). 
ompare also Chapter 25. 

12j (a) Lebedev and Yakubchik, J . Chem. Soc. t 823, 2190 (1928); (5) Dupont and 
p aquot, Compt. rend., 205, 805 (1937). 
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The addition of alkali metals is characteristic of conjugated ethylenic 
systems but not of isolated ethylenic linkages.* Simple dienes, such as 
butadiene, are polymerized by alkali metals and organ oalkali com- 
pounds, 124 but terminally phcnylatcd ethylcnes add alkali metals 1,4. 125 
Isoprene undergoes 1,4-ethylation with sodium and ethyl bromide 126 
and adds triphenylmethyl 1,4. 127 If, in an ethylenic compound, one 
ethylenic carbon atom is either part of a crossed conjugated diene 
system or attached to an aromatic ring, alkali metal addition involving 
two moles of the unsaturated compound occurs. 


CH=CH X 

21 >C=C(CH,)j + 2Na 

CH=CIr 


CH=CH V XH=<3H»5 

| >CC(CH 3 ) 2 C(CH 8 ) 2 C< I 

CH=CH X | | \CH=C1I 

Na Na 


2CJ1&C1I— CI1 2 + 2Na C 6 11 & C1ICH2CH 2 CHC 6 II 6 *» 

I I 

Na Na 


If each ethylenic carbon atom in an ethylenic compound is attached to 
an aromatic ring system, the addition of alkali metal involves one mole- 
cule of the ethylenic compound. 

CeHaCH^CHCeHs + 2Na -> C 6 H & CH— CHC 6 H 5 

i i 

Na Na 


Since the organoalkali addition-products on treatment with a hydrogen 
donor undergo replacement of metal by hydrogen the net result of the 
process is reduction.! 

Because of the close correlation between the ability to add alkali 
metals and the susceptibility to reduction by metal combinations, it 
has been suggested that the latter reaction proceeds via metal addition 
followed by replacement of the metal in the resulting organoalkali com- 
pounds by hydrogen (p. 529)4 Although doubtless a definite rclation- 

* For the addition of alkali metals to other unsaturated groups see reference 128 
(b) and Chapter 5. 

121 Ziegler and Kleiner, Ann., 473, 57 (1929). Compare, however, Midgley and Henne, 
J. Am. Chem. Soc., 51, 1293 (1929). 

125 Houben-Weyl, “Die Methodeu der organischen Chemie," Thicme, Leipzig (1921), 
Vol. IV, p. 966. 

116 Ziegler and Bahr, Ber., 61, 253 (1928). 

1IT Conant and Scherp, J. Am . Chem. Soc., 53, 1941 (1931). 

128 Schlenk and Bergmann, (a) Ann., 463, 1 (1928); (b) Ann., 4G4, 22 (1928). Smith 
and Hoehn, J. Am. Chem. Hoc., 63, 1184 (1941). 

t The same reduction products can be obtained from the action of aluminum chloride 
and benzene on ethylenic compounds which contain one aromatic group on each ethylenic 
carbon atom. Alexander and Fuson, J. Am. Chem. Soc., 58, 1745 (1936). 

X Compare reference 51; also Carothers, /. Am. Cham. Soc., 46, 2226 (1924) ; a 11 
Huckel, “Theoretiaehe Grandlagen der organiBchen Ohemie,’’ Akad. Verlags., Fnipwg 
(1931), Vol. I, pp. 368-374. 
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ship exists between the addition of an alkali metal and reduction by 
metal combinations, it is probably not so simple as has been suggested, 
for in many cases the product of reduction by metal combinations is 
quite different from that obtained by metal addition and replacement. 
Thus styrene on reduction by metal combinations furnishes ethylben- 
zene, but on addition of alkali metal and subsequent replacement of 
the metal by hydrogen it furnishes 1,4-diphenylbutane. 

The addition of halogens to dienes 129 may give rise to 1,2- or 3,4- or 

1.4- addition products. In some cases mixtures of products are formed 
and in others the 1,2- and 1,4-products are in equilibrium with each 
other. These possibilities arc illustrated by the following reactions. 

* CH 2 BrCHBrCH==CH 3 
CH 2 =CH— OH=CH 2 + Br 2 / t! 

^ CII 2 BrClI=CIICU 2 Br 

CH3CH— CH — CH=CHCH 3 + Br 2 -> CH 3 CHBrCH==CHCHBrCH 3 
C C H 5 CH=CH — CH=CHC 6 II t + Br 2 -+ C6H 6 CII=CHCHBrCHBrC 6 H 5 

The halogen acids add to dienes and enynes. In the most carefully 
studied cases, t hose of the 2-halobutadienes and vinylacetylcnc, addition 
is always conjugate. 130 

CH 2 =C — CH=CH 3 + HX CH 3 C=CHCH 2 X 

I ! 

Cl(Br) Cl(Br) 

CH«==CH — C=CH + HX -> CH 2 X-CH=C=CH 2 

With 1-phenylbutadiene the reactions are not so clear cut, but the 
principal products are the result of 3,4-addition.* 131 

1519 (a) Butadiene: Farmer, Lawrence, and Thorpe, J. Chem. Soc., 729 (1928) ; Muakat 
and Northrup, J. Am. Chem. Soc., 52, 4043 (1930). (b) Isoprene: Jones and Williams, 
J. Chem. Soc., 829 (1934). (c) 2,3-Diinethylbutadiene: Kondakow, J. prakt. Chem., 62, 
166 (1900). (d) 1,4-Dimethylbutadiene: Farmer, Lawrence, and Scott, J. Chem-. Soc., 
510 (1930). (c) 2,3-DM-butylbutadicne: Backer, Rec. trav. chim., 58, 643 (1939). (/) 

1.1.4.4- Tetramethylbtitadiene: Prevost, Compt. rend., 184, 460 (1927). (g) 1-Phenyl- 
butadicne: Muskat and Huggins, J. Am. Chem. Soc., 51, 2496 (1929). ( h ) 2,3-Diphenyl- 
tutadiene: Allen, Eliot, and Bell, Can. J. Research, 17B, 75 (1939). (0 1,4-Diplicnyl- 
butadienc: Straus, Ber., 42, 2867 (1909). 

130 Carothers, Williams, Collins, and Kirby, J .Am. Chem. Soc., 53, 4203 (1931) ; Carothers, 
Bernhct, and Collins, ibid., 54, 4006 (1932) ; Carothers, Collins, and Kirby, ibid., 55, 780 
(1933). 

* For information about the addition of halogen and halogen acids to a wider variety 
of dienes than can be considered here, the reader is referred to the following articles: 
Farmer and collaborators, beginning with J. Chem. Soc., 1570 (1926) ; Muskat and col- 
laborators, beginning with J. Am. Chem. Soc., 51, 2496 (1929) ; Carothers and collabo- 
rators, beginning with J. Am. Chem . Soc., 53, 4203 (1931) ; Kharasch and collaborators, 
Chem., 1, 393 (1936) ; 2, 489 (1937). Compare also Staudinger, Kreis, and Schilt, 
Helv. Chim . Acta, 5, 743 (1922) ; iluzicka and Schinz, ibid., 23, 960 (1940). 

131 Muskat and Huggins, J. Am. Chem. Soc., 56, 1239 (1934). 
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Brj/ 


/ C e.H 6 CH=CH — CH=CH « v 


C 6 HtCH=CHCHBrCH jBr 


sHOX 

c«h 6 ch=chciioiicii 2 x 


CjHsCH—CH — CHXCII 3 


The addition of hypohalogenous acids and alkyl hypohalites to dienes 
is 1,2. 132 

Phosphorus pentachloride adds to a limited number of dienes and 
styrenes, the latter again behaving as if the ethylenic linkage were 
conjugated with the aromatic nucleus. The addition is always to a 
terminally unsubstituted ethylenic linkage, and, since the addition 
products lose hydrogen chloride and are hydrolyzed to phosphinic acids, 
the over-all reaction is the replacement of an atom of hydrogen. 133 

C,iHsCH=CH— CH=CH. + PC1 5 -> C 6 H t CH=CH-CHClCH 2 PCU -°> 

C 6 H 6 CH=CH— CH=CHP03lIj 
C 6 H s CII=CII, + PC1» -4 C 6 II,CIICiCIIiPCU C6H 6 CH=CHPO s H, 


Among the nitrogenous addends to dienes should be mentioned the 
oxides of nitrogen and aromatic diazonium compounds. Oxides of 
nitrogen add 1,4 to 1,4-diphenylbutadiene, but both 1,2 and 1,4 to 2,3- 
diphenylbutadiene. 134 

C 6 HsCH=CH— CH=CHC6H 6 + N 2 0 4 -> CgH 6 CH-CH=€H-CHC6H b 


X0 2 N0 2 

In the reaction between diazonium compounds and butadiene, evidence 
is not available to decide between 1,2- and 1,4-addition. 135 


(NOdiCdlsN^NOII 

+ 

CII 2 =CII — CH=CH 2 


I (NO*) 2 C6ll3N=NCH 2 CHOHCH=CH 2 ] 
or > 

[ (NO,),C 6 H 3 N=NCH 2 CH=CHCH,OH J 


H 2 0 + (NOaliCelljN^CH-OH-CII^CHi 


Hydrogen peroxide adds 1,4 to cyclopcntadicne; simultaneously a 
tetrol resulting from the addition of two moles of peroxide is formed. 136 

132 Abragam and Deux, Compt. rend., 205, 285 (1937) ; Petrov, J. Gen. Chem. (U.S.S.R-)i 
8, 131 (1938) [C. A 32, 5369, 5370 (1938)] ; ibid., 10, 819 (1940) [C. A., 36, 2112 (1941)1- 
135 Bergmann and Bondi, Ber.. 63, 1 158 (1930) ; Ber., 64, 1455 (1931). 

114 Wieland and Sten 2 l, Ber., 40, 4825 (1907) ; Ann., 360, 299 (1908) ; Allen, Eliot, an 
Bell, Can. J. Research, 17B, 75 (1939). 

m Meyer, Irechlick, and SchloBser, Ber., 47, 1741 (1914). 

138 Milas and Maloney, J. Am. Chem. Soc ,, 62, 1841 (1940). 
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1,2-Diketones 

Conjugate addition is less frequently encountered with 1,2- or 
a-diketones than with other conjugated systems, for there are relatively 
few addends both parts of which will add to oxygen. Only hydrogen 
and the alkali metals add 1,4 to a-diketones. The reduction of benzil 
furnishes benzoin, apparently a result of 1,2-addition. Thiele, however, 
showed that this reduction was actually 1, 4-addition of hydrogen 
followed by ketonization, for, by reducing the diketone in an acetylating 
medium, he was able to isolate the acetates of both stcreoisomeric forms 
of the intermediate 1,4-addition product. 121 

CdUCOCOCJU + H 2 + 2(CH 3 C0) 2 0 - CsIRC^CeH* + 2CIIaC0 2 II 

CHsCOO OCOCHj 


CJRCOCOCJU + H 2 


rC«H s C=CC 6 H 6 ~[ 


HO OH 


C JRCHO EiCOCfiH 6 


Recently the cne-diol intermediates, themselves, have been isolated in 
analogous compounds. 137 Those a-diketoncs which cannot enolize will 
add sodium in the 1,4-positions: the metallic derivatives thus formed 
can be acylated with acid chlorides. 138 


CeHiCOCOCJU 4- 2Na 


C«H 6 C=CC#lh 
NaO ON a 


CcIIiCOCl 


■> C fi H 6 C=CC«H fi 

1 I 

CfHiCOO OCOC 6 H & 


1,2-Diketones are cleaved with alkaline hydrogen peroxide. 139 The 
discoverers of this reaction suggested that it proceeded through the 1,4- 
addition of hydrogen peroxide as IiO — OH, but later work indicates 
that the cleavage is a result of 1,2-addition of the reagent as H OOII 
to a single carbonyl group. 149 

The conjugated systems considered up to this point have, with the 
exception of the enynes, been made up of two or more similar unsaturated 
groups. The most frequently encountered and the most thoroughly 
studied conjugated systems, however, arc those which contain two 
different unsaturated groups, and most of the remainder of this chapter 
is given over to the discussion of this kind of conjugated system. Nearly 
all substances containing a conjugated system which includes an oxygen 
atom show halochromism, the property of forming with strong acids 

l3r Fuaon and Corse, ibid., Gl, 975 (1939) ; Fnson, Corse, and McKeever, ibid., p. 2010; 
Thompson, ibid., p. 1281. 

138 Kohler and Baltzly, ibid., 54, 4015 (1932) ; Bitehmann, ibid., 56, 903 (1934). 

119 Weitz and Scheffer, Bcr ., 64, 2327 (1921). 

140 Barnes and Lewis, J. Am. Chcm. Soc., 58, 947 (1930). 
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colored saltlike products which arc more or less readily decomposed by 
water. 

a, P-Unsaturated Aldehydes and Ketones 

Some reagents add 1,2 to the carbonyl group of a,j8-unsatu rated 
aldehydes and ketones; others add 3,4 to the ethylenic linkage; still 
others add 1,4 to the conjugated system, and a final group of reagents 
adds both 1,2 to the carbonyl group and 1,4 to the conjugated system.* 
Organomagnesiuni halides fall into this hist category. With the 
Grignard reagent the mechanism of 1,4-addition has been established 
and the effect of substituents oil the mode of addition has been deter- 
mined. From the information available about the addition of the 
Grignard reagent, one can often predict whether other reagents will 
add and in what way they will add and one can draw reasonable infer- 
ences about the mechanism of addition. On account of the cardinal 
importance of the reactions between the Grignard reagent and a,/?-un- 
saturated carbonyl compounds these reactions will be considered first. 

<*,/3-Unsaturated aldehydes add the Grignard reagent 1,2 to the car- 
bonyl group; the only exceptions so far described are the 1,4-additions 
of teri.-butyl- and fcrt.-amylmagnesium halides to crotonaldehyde. 141 


RCH=CIIC\ + R'MgX — — > RCH=CH— CHOH 

\) | 

R' 


CH 3 CH— CHC< + (CH 3 ) 3 CMgCl — — » CH 3 CHC1I 2 C< 

X) | \) 

(CU 3 ) 3 C 


Unsaturated ketones furnish with the Grignard reagent saturated 
ketones or unsaturated alcohols or mixtures of both products. 

The formation of unsaturated alcohols is obviously the result of 1,2- 
addition to the carbonyl group; the formation of saturated ketones may 
be due either t.o direct addition of the reagent to the ethylenic linkage 
(the reaction series 1) or to 1,4-addition of the reagent to the conjugated 
system followed by ketonization (the reaction series 2). 

♦Acetylenic ketones such as benzoylphcnylacetylene, CcHlCOC^COgHs, add the 
same reagents, with few exceptions, as do the ethylenic ketones, and the mode of addition 
is often similar. Recently a,0-unsaturated sulfoncs, CeHsCH^CHSOjCtHs, have been 
prepared and studied. They, too, show many analogies with the ethylenic ketones. !^ e 
Kohler and Potter, J. Am. Chem. Soc., 57, 1316 (1935). 

141 Stevens, J. Am. Chern. Soc., 57, 1112 (1935). 
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Cells 


C G H6CH=C(C 6 Hs)COC fi H 5 + CJlsMgBr (C 6 H 5 ) 2 CHCCOC 6 H 5 


MgBr 


(Cai.) 2 CHCH(C«H 8 )COCiH, (1) 
IV 

(CeIIi)2CHC(C 6 H 5 )=-CC 6 TI 5 ^ (C 6 Hs)2CI1C(C 6 H 5 )=CC 8 H 5 -> 

I / 111 I 

OMgBr / OH 

Ah 

/ (C 6 H 8 ) 2 CHCH(C 6 Hs)COC 8 H5 (2) 

0 0 


(CeH5) 2 CHC(C6H & )CC«H5 (C 8 II*),CHCOC a H* + C 6 H 5 C0 2 H 
v 

OH 


The mechanism involving direct addition to the cthylenic linkage is 
improbable, for the Grignard reagent has never been observed to add to an 
cthylenic linkage that was not conjugated either with a carbonyl group 
or with a carbon-nitrogen double or triple linkage. Further, if direct 
addition were to take place, the magnesium halide derivative (II) with 
an unprotected carbonyl group should react with excess reagent to 
furnish a saturated tertiary alcohol. Positive proof that the formation 
of saturated ketones proceeds through 1,4-addition was presented by 
Kohler, who established the structures of the enolic 1,4-addition prod- 
ucts. 142 In the case of benzaldesoxybenzoin (I), the enol (III) is suffi- 
ciently stable to permit isolation, examination, and study of its conver- 
sion to the ketone (IV). The structure of the enol (III) is shown by the 
formation and decomposition of the peroxide (V). 

The effect of substituents on the mode of addition of the Grignard 
reagent to a,/?-unsaturated carbonyl compounds is shown by the data 
in Table III. It will be noted that as the activity of the carbonyl group 
decreases the amount of 1,4-addition increases. The mode of addition 
depends upon the number, kind, and positions of the substituents in the 
carbonyl compound and upon the group present in the Grignard 

142 Kohler, Am. Ckem. J., 36, 181 (1906). See, also, Kohler, ibid., 37, 309 (1907); 
Kohler and Mydans, J. Am. Chem. Sue., 54, 4007 (1932) ; Kohler, Tishler, and Potter, 
57, 2517 (1935) ; reference 142. An earlier proof of addition, also due to Kohler, 
Ant ‘ Ch em. J., 31, (342 (1904), and Kohler and Johnstin, ibid., 33, 45 (1905), which was 
based on the replacement of — MgBr in the addition product by reaction with benzoyl 
chloride, is no longer conclusive, for this type of replacement has been found to be unre- 
liable. Kohler and Tishler, J. Am. Chan . Soc 54, 1594 (1932). 
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reagent. 143 Reaction medium and temperature usually have little effect 
In the reaction between isophorone and methylmagnesium bromide, 
however, the addition of one mole per cent of cuprous chloride changes 
the course of the reaction from 90 per cent 1, 2-addition to 7 per cent 
1,2- and 82 per cent 1,4-addition. 143a 


TABLE III 144 


Substance 

Per Cent 1,4-Addition With 

CeHfiMgBr * 

CjIRMgBr * 

H 

l 


C 6 H 6 CH=CHC<" 

0 

0 

'O 



C 6 H 5 CH=CHCOCH3 

12 

60 

CgHsCII- CHCOCII 0 CH 3 

40 

71 

C 6 H 5 CH=CHCOCH (CHsh 

88 

100 

CeHjCH— CHCOC(CII s)3 

100 

100 

C 6 H 5 CH=CHCOC<>H 5 

94 

99 

(CeHshC-CHCOCgHs 

0 

18 

C 6 H 5 CH=C(C 6 H 5 )COC«H 5 

100 

100 

C 6 H 5 C(CH 3 ) =CHCOC 6 H 5 

44 

1 

41 


* The remainder of the product U to be accounted for by 1,2-addition. 


The completely phenylated ketone, diphenylbenzalacetophcnone, 
does not react with the Grignard reagent under ordinary conditions. 
The forced reaction, at higher temperatures, results in 1, 4-addition 
involving a phenyl group. 145 


(CeIIi) 2 C=C(C 8 H 0 )C^ \ 

II 

0 


+ CsIIiMgBr 


II 

(C t H & ) 2 C=C(C 6 H 6 )C- 



OMffBr 


If addition involving the phenyl nucleus is blocked by the use of a 
mesityl group, the usual type of 1,4-addition results on forcing the 
reaction. 146 

143 Smith and Hanson, J. Am. Chem. Soc., 57, 1320 (1935); Colonge, Bull. soc. chwi ., 
[5] 2, 754 (1935;. 

I4to Kharasch and Tawney, J. Am. Chem. Soc., 63, 2308 (1941). 

144 Kohler, Am. Chem. J., 38. 511 (1907). 

145 Kohler and Nygaard, J. Am. Chem. Soc., 52, 4128 (1930). 

146 Kohler and Barnes, ibid., 55, 690 (1933). 
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Similar 1,4-additions involving a cyclic double bond are found in 
polynuclear ketones. Benzanthrone and naphthacencquinone add 
certain Grignard reagents in the 1,4-position. 147 With the quinone the 
primary product, a tetrahydroaromatic derivative, can be isolated. 



The behavior of a variety of phenylmetallic compounds toward 
benzalacetophcnone has been investigated. 148 As the reactivity of these 
phenylmetallic compounds decreases, the amount of 1,4-addition 
increases. The very reactive compounds, diphenylcalcium and phenyl- 
potassium, give 1,2-addition only. With «,/S-unsaturated aldehydes and 
ketones the organozinc compounds furnish products similar to those 
obtained with the Grignard reagent. 149 

The information about the addition of organomagnesium halides to 
a,/3-unsaturated carbonyl compounds being available, the other reactions 
of these unsaturated compounds may now be discussed. Whenever 
possible, cinnamic aldehyde, C«HsCH— CHCHO, and benzalaccto- 
phenone, C6H 5 CH=CHCOC6H 5 , will be used to illustrate these 
reactions. 

Considering first the reactions of the ethylenic linkage, it is to be 
noted that the halogens add to that linkage in the usual manner. 

/ H / u 

CeHfiCII^CHCi + Cl* -+ C 6 H 6 CHCICHC1C4 

C 6 H 5 CH==CHCOC 6 H 5 + Br 2 -> C 6 H s CHBrCHBrCOC 6 H 5 


Most oxidizing agents convert cinnamic aldehyde to benzoic acid. 

147 Allen and Overbaugh, ibid., 57, 740, 1322 (1935) ; Allen and Gilman, ibid., 58, 937 
U936); Allen and Bell, ibid., 62, 2408 (1940). 

148 Gilman and Kirby, ibid., 63, 2046 (1941). 

48 Kohler and Heritage, Am. Che m. J ., 43, 475 (1910). 
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Atmospheric oxygen or silver oxide, however, furnishes cinnamic acid. 
Ozone gives benzaldehyde, benzoic acid, and a polymer of glyoxal. 150 
Benzalacetophenone is oxidized to benzoic acid by most oxidants 
including ozone, but nitric acid oxidation furnishes some benzoylformic 
acid. 151 Perbenzoic acid, which forms epoxides with isolated ethylenic 
linkages, 9 rarely attacks a,/3-unsaturated carbonyl compounds, while 
alkaline hydrogen peroxide and sodium peroxide, which are without 
effect on isolated ethylenic linkages, form epoxides with a,j3-unsaturated 
ketones. 139 

Cf,H 6 CH=CHCOC 6 Hi + HOOH C 6 H 6 CHCHCOC,H 6 + 11,0 

\ / 

0 

The halogen acids do not add to all a,/3-unsaturated carbonyl com- 
pounds. Where addition does take place, usually a single product is 
formed and in this product the halogen is attached to the /3-carbon 
atom; see, however, phenylpropiolic acid, p. 682. The mechanism of 
addition is in all probability 1,4 with hydrogen adding to oxygen, 
followed by ketonization. 


CHj^CHCOCeHi + HC! 


fCH ! ClCH==CC 8 H 6 'l 


CH 2 C1CH 2 C0C*H S 


L OH J 

C 6 H s CH==CHCOC e H 5 + HC1 - C 6 H*CHC1CH 2 C0C 6 H E 
C ft H 6 CH=C(C 6 H 6 )COC 8 H 5 + HCI C 8 H 8 CHCICH(C 6 H 6 )COC 6 H 6 


In the presence of aluminum chloride or sulfuric acid, benzene adds 
reversibly to a,/3-unsaturated ketones. 152 The addend appears on the 
ethylenic carbon atoms. The mechanism is not clear. 

Hydrogen and diphenylketene add both to isolated ethylenic link- 
ages and to carbonyl groups. When these two types of double bonds 
are conjugated, hydrogen may be added catalytically or by the use of 
metal combinations. By either method, a,/3-unsaturated aldehydes give 
saturated aldehydes, unsaturated alcohols, and saturated alcohols. 
Only rarely is bimolecular reduction of an unsaturated aldehyde en- 
countered. 153 Selective reduction of the carbonyl group to yield an 
unsaturated alcohol is accomplished by catalytic reduction with a 
promoter such as ferric chloride, 50 or by means of an aluminum alkoxide 
and an alcohol. 55 

150 Harries and Temme, Ber., 40, 169 (1907). 

161 Claisen and Claparede, Ber., 14, 2466 (1881). 

152 Kohler, Am. Chem. J., 31, 642 (1904); Vorlander and Fricdherg, Ber., 66, 114 
(1923) ; Eaton, Black, and Fuson, J. Am. Chem . Soc., 66, 687 (1934). 

153 Sorensen, Stene, and Samuelsen, Ann., 643, 137 (1940). 
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C«H(,CH=^CHC^ + ID 


rc 6 n 6 cH=cHcii 2 OHi 

— » C.HjCHiCHsCHjOH 

[C^H^CHsCHjCHO 


Unsaturated ketones can be reduced to saturated ketones by catalytic 
hydrogenation or to unsaturated alcohols by means of aluminum 
isopropoxide. 164 Reduction by means of metal combinations, however, 
leads primarily to bimolecular products. 156 The mechanism of the 
reduction to saturated ketones by catalytic hydrogen has been shown 
to be probably 1,4-addition; the corresponding reduction by metal 
combinations is definitely 1,4-addition. 156 In all likelihood the formation 
of the bimolecular products involves addition of hydrogen to oxygen 
followed by dimerization in the 4-position. 

CeHsCHCHsCOCsHs 
2C6HbCH=CIICOC6H6 + H 2 — * | 

C6H 5 CHCH 2 COC 6 H6 


Diphcnylketene adds both 1,2 and 1,4 to benzalacetophenone, giving 
a mixture of j8- and 5-lactones. 157 

C 6 H s 

Cell iCH=CII— i — 0 

(C 6 H s ) 2 i— < i=o 


C 6 H 6 CII=CIICOC 8 IU + (C s He),C=C=0 


+ 

CjIIjCHCH—CCeHa 

I 1 

(C 6 H*) 2 C— c-o 

(1 

0 


Of the reactions characteristic of the carbonyl group the addition of 
sodium bisulfite to un saturated aldehydes and ketones may be considered 
first. Cinnamic aldehyde forms a bisulfite addition product just as 
other aldehydes do, but on prolonged treatment with the reagent the 
salt of a disulfonic acid is obtained. The explanation for this behavior 
is the following: the 1,2-addition of bisulfite to the carbonyl group to 
yield [A] is rapid and reversible, whereas the formation of the sulfonic 
acid through 1,4-addition is slow and irreversible. As a result the 
bisulfite addition product initially formed gradually disappears as the 
disulfonic acid accumulates. 

ls< Arcua and Kenyon, J. Chem. Soc., 698 (1938). 

165 Con ant and Cutter, J, Am. Chem. Soc., 48, 1020 (1926); Harriea and Hubner, 
4rm., 296, 295 (1807). 

158 Kohler and Thompson, J. Am. Chem. Soc., 59, 8S7 (1937). 

157 Staudingcr, "Die Kcteno,” Enke, Stuttgart (1912), p. 64. 
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/H 

C 6 H 6 CH=CHC^~ OH 


S0 3 Na 

[A1 



C«H 3 CHCH 2 C^ 
I ^ 


S0 3 Na 


H 

0 


|| NaHSOj 

C»H 6 CHCH 2 c4)H 


SOsNa SO s Na 


Sodium bisulfite does not add readily to ethylenic linkages, and the 
addition always requires the presence of oxygen or peroxides. Sodium 
bisulfite rarely adds to saturated ketones unless they are methyl ketones. 
This reagent does, however, add to many a, /3-unsaturated ketones, 
acids, and esters. 

C 6 H 5 CH==CHCOC 6 H 5 + NaHS0 3 C 6 H 5 CHCH,COC 6 H 5 

I 

SOsNa 


Hydrogen cyanide adds 1,2 to the carbonyl group of a^-unsaturated 
aldehydes; with the corresponding ketones, however, hydrogen cyanide 
furnishes -y-ketonic nitriles, presumably as a result of 1,4-addition. 158 


C 6 H & CH=CHCi + HCN -> CgH 8 CH=CHC — OH 

^0 I 


CeHaCH^CHCOCeH* + HCN -> CeH 6 CHCH 2 COCflH 5 


CN 

The behavior of carbonyl reagents, such as hydrazine, phenylhy- 
drazine, semicarbazidc, and hydroxylamine, toward a, (3-unsaturated 
aldehydes and ketones depends upon the conditions under which the 
reactions are carried out, as well as upon the substituents present in the 
carbonyl compound. In an acidic medium these reagents usually form 
hydrazones, phenylhydrazones, semicarbazones, and oximes. In an 
alkaline medium the reactions are much more complex, and products 
have been obtained corresponding to reactions both with the ethylenic 
linkage and the carbonyl group. Secondary products, due to reactions 
involving active hydrogen atoms in the primary addition products and 
to oxidation-reduction reactions, are also formed. An extreme example 
is benzalacetophenone, which furnishes the following six different prod- 
ucts on treatment with hydroxylamine and alkali. 169 

1H Michael, J. Am. Chem. Soc., 59, 744 (1937). . 

159 Fleck, Dissertation, Leipzig (1903) ; Auwers and Muller, J. jrrakl. Chem., 137, 
(1933). 
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C 8 H 6 CCH 2 COC,H s 

II 

C 6 H 6 CnCH 2 CC 6 H & 

1 II 

C,H 6 CCH 2 CC,H 6 

II II 

N0H 

NHOH NOH 

II 

NOH NOH 

C 6 HsCHCH2CC«H5 

1 II 

CeHeC^CHCCeHs 

1 II 

C,H*CHCH 2 COC,H, 

1 ll 

O N 

1 II 

O N 

NOH 



C 6 H i ,CHCH 2 COC,H s 


With methoxyamine instead of hydroxylamine, secondary reactions do 
not, take place and the products are those resulting from addition to the 
ethylenic linkage, presumably through a 1,4-addition. 160 

With a,j3-unsaturated carbonyl compounds, ammonia and amines 
furnish products corresponding to addition to the ethylenic linkage. 
As in the reactions just described, complications may result from 
secondary reactions due to the active hydrogen atoms in the primary 
addition products. 

(CH 3 ) 2 C=CIICOCH 3 + Nila -> (CHa) 2 CCH 2 COCH 3 

i 

nh 2 

Malonic, cyanoacetic, and acetoacetic esters, aliphatic nitro com- 
pounds, desoxy benzoin, and a host of other substances containing 
hydrogen atoms activated by adjacence to an unsaturated group, will 
react reversibly with <*,/3-unsaturated carbonyl compounds in the pres- 
ence of a small amount of alkali. 161 With a,/?-unsaturated aldehydes 
1,2-addition to the carbonyl group takes place; the reaction is analogous 
to the aldolization reactions of simple aldehydes. 

Al 

CeTl5CH=CH<X + CH 2 (C0 2 Cdhb <=* CJl fr CH=CHCH=C(C0 2 C 2 Hd 2 + H 2 0 
X) 

With unsaturated ketones reaction does not always take place. A con- 
venient generalization is that these reagents add when the Grignard 
reagent adds 1,4. The reagent adds as H and A, and A always appears 
attached to the j3-carbon atom. 162 

C 6 H b CII=CHCOC 6 H 6 -f CH 2 (C0 2 C 2 H5)2 «=* C 6 II 5 CHCH 2 COC s H fi 

CH(C0 2 C 2 H 6 ) 2 

It is important to use only a small amount of alkali to prevent 
reversal of the addition and to avoid secondary reactions. 163 Thus, in 

100 Blatt, J. Am. Chem. S oc., 61, 3494 (1939). 

161 Connor und McClellan, J. Org . Chem., 3, 570 (1939). 

m Vorlander, Ann., 320, 60 (1902). 

163 Kohler and P. Allen, J. Am. Chem. Soc., 45, 1987 (1923) ; Michael and Rosa, ibid., 
^2, 4598 (1930); 65, 1632 (1933); Connor, ibid., 56, 2713 (1934). 



6S0 


ORGANIC CHEMISTRY 


the presence of a small amount, of alkali, eyanoacetic ester adds to 
benzalacetone, but with one equivalent of alkali the primary addition 
product is cyclized. 

C 6 H & CH~=CHCOCH 3 + NCCH 2 C0 2 CH 3 

C 6 H 6 CHCH 2 COCH 3 -> C«H 5 CHCH 2 COCH 2 

I II 

NCCHC0 2 CH 3 NCCH 0=0 

Frequently the primary addition product adds to a second molecule of 
ketone to form a “trimolecular” product. Reversal of the addition 
reaction does not always lead to the original products: the reaction 
between diethyl methylmalonatc and benzalacetophenone using a mole 
of alcoholate furnishes ethyl benzoylacetatc and ethyl a-mcthyl-ein- 
namatc. 164 In this connection comparison should be made with the 
addition of malonic esters to a,jfr-unsaturated esters described on p. 682. 

C 6 H 5 CH=CHCOC 6 H 6 CeHtCIICIHCOCells C 6 II 5 C0CH 2 C0 2 C 2 H s 

+ ”* I “* + 

CH 3 CH(C0 2 C 2 H 5 ) 3 (CH 3 )C(C0 2 C 2 H # ) 2 C«IUCH=C(CIT 3 )C0 2 C 2 II 6 


Thiophenol 165 and sulfinic acids 166 add 1,4 to unsaturated ketones as 
H and A, the hydrogen appearing on the a-carbon atom in the addition 
product. 

C c H 6 CH=CHCOC«II 6 + CH 3 C 6 H 4 S0 2 H C«H*CHCHjCOC|H» 

I 

ch 3 c 6 h 4 so 2 


The reactions of a,0-unsaturated ketones with phosphorus penta- 
chloride and trichloride arc difficult to classify. The pentachloride 
furnishes phosphorus oxychloride and oxygen-free unsaturated com- 
pounds containing chlorine. 167 The mechanism may be 1,2- or 1, 4-addi- 
tion. The product [B] obtained from benzalacetophenone corresponds 
to 1, 4-addition, but a 1,2-addition product [A] would contain a system 
that is known to rearrange easily, and 1, 2-addition followed by rear- 
rangement would also furnish [B]. 


C(H 6 CH=CHCOCeHi, 4- PCh ; 


Cl 0PC1 4 1 

\ / 

CgHjCH^-CHCCeHj J -> 

POOR + CJI 6 CH=CHCCl 2 C t K s [A] 
OPCh " 

C < HiCHClCH=ic«H^ -*■ 

POCU + C 6 H S CIIC1CH=C(C1)C»H S [B1 


1M Holden and J.apworth, J. Ckem. Sac., 2368 (1931). 

16s Posner, Ber., 37, 502 (1904) ; Ruhemann, J. Chem. Sue., 87, 17, 461 (1905). 

166 Kohler and Reimer, Am. Ckem. J., 31, 163 (1904). 

167 Straus, Ann., 393, 235 (1912); Conard, J. Am. Chem. Soc., 62, 1002 (1940). 
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Io the reversible addition of phosphorus and organophosphorus halides, 
the addend does not dissociate; instead the phosphorus undergoes an 
increase in valence and cyclic products result. 168 

C 6 H*CH=CHCOC 6 H 6 + C 6 H 6 PC1 2 ^ C 6 H & CHCH=CC 6 H 6 

C 6 H & P(C1 2 )— 0 


In the reaction between diazonium salts and some a,/3-unsaturated 
carbonyl compounds, nitrogen is eliminated and an a-hydrogen atom 
is replaced by an aryl group. 163 


C6IIb CH=CHC + C1CbH 4 N 2 C1 CeHfcCH—CC— 0 + N 2 + HC1 

^0 1 


CMLC1 


a,p-Unsaturated Acids and Esters 

Simple <*,/?-ethyIenic and acetylenic acids, their derivatives and 
substitution products, closely resemble the corresponding unsaturated 
ketones in their chemical behavior. Many of the HA reagents which 
add to unsaturated carbonyl compounds add to the acids unless them is 
interference from the acidic hydrogen atom. The mode of addition can 
often be predicted fairly closely by analogy with the corresponding 
ketones. 


C ( H 6 CH=CHC0 2 R + CH 2 (C0 2 R) 2 «=* C«H S CIICH 2 C0 2 R 

CH(C0 2 R) 2 

HX 

C t H 6 CH=CHC0 2 CH 3 + CHjMgl — > 

C«H 6 CH=CHC(OH)(CH 3 ) 2 [1,2-addition] 


C«H 6 CH=CHC0 2 CH 3 + CellsMgBr — > 

(C 6 Hs) 2 CHCH 2 COC 6 H 3 [1,2- then 1,4-addition] 1,0 
HX 

C,H 6 CH=C(C 6 II 6 )C0 2 CH 3 + CHjMgl — > 

C«H 5 CH==C(C 6 H 3 )C(OII)(CH 3 ) 2 [1,2-addition] 

„ HX 

CsHtCH^CCjl^JCOiCH, + C«H s MgBr > 

(C e H 6 ) 2 CHCH(C«H 5 )C0 2 CH 3 [1,4-addition ] m 


156 Conant, J. Am . Chem. Soc ., 43, 1705 (1921). 

1#9 Mcerwein, Buchner, and van Emster, J. prakt. Chem., 152, 237 (1939). 

170 Kohler and Heritage, Am, Chem. J., 33, 21 (1905). 

171 Kohler and Heritage, ibid., 33, 153 (1905). 
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A striking exception is furnished by phenylpropiolic acid, which adds 
hydrogen bromide to furnish a-bromocinnamic or j8-bromocinnamic 
acid, depending upon the solvent. 172 

In the addition of malonic esters to a,0-unsaturated esters complica- 
tions result when one mole of alkoxide is used to bring about the reaction. 
When methylmalonic ester adds to crotonic ester in the presence of a 
small amount of alkoxide the normal addition product [A] results; with 
a mole of alkoxide the rearranged product [13] is obtained. 


CH 3 CHCH 2 C0 2 R 
jNaon/ ch 3 C(C0 2 R) 2 


CH 3 CH— CHCO 2 R 7 

+ 

CH s CH(C02R ) 2 N 


lNaORN^ 


ch 3 

I 

CH 3 CHCHC0 2 R 


CH(C0 2 R) 2 

Alternative explanations of this type of rearrangement have been 
advanced by Michael 163 and by Lapworth, 164 but at present evidence 
for a decision between these explanations is lacking. 173 

Hydrogen cyanide adds to esters of <*,|3-unsaturated aliphatic acids 
and to ethyl cinnamate. The primary addition products have rarely been 
isolated; 173 " on hydrolysis they furnish substituted succinic acids. 17 * 
Hydrogen cyanide adds to unsaturated malonic esters in alkaline solu- 
tion, and addition is accompanied by hydrolysis and loss of carbon 
dioxide. 121 " 


C eH 6 CH=C (CO 2 R ) 2 — » c 6 h 6 chch 2 co 2 h 

I 

CN 

Aliphatic diazo compounds add to a ,/3-u ^saturated esters. The 
reactions arc useful in the synthesis of pyrazolines, pvrazoics, and 
cyclopropanes. 

RCII=C1IC0 2 CH 3 + CH 2 N 2 -> RCH — CHC0 2 CH 3 174 


CH NH 
N 

1,2 Michael and Shadinger, J. Org. Chern., 4, 128 (1939). 

173 (a) Bredt and Kallen, Ann., 293, 342 (1896) ; Higginbotham and Lapworth, J • Chm- 
Soc., 121, 49 (1922); Farmer, Ghosal, and Kon, J , C 'hem. Soc. t 1804 (1930); Michael, J- 
Org. Chem., 2, 303 (1937); Gardner and Rydon, J. Chem. Soc., 42 (1938). 

171 Pechrnann and Burkard, Ber., 33, 3590, 3594, 3597 (1900); Auwers and Ungcmach. 
Ber., 66, 1205 (1933). 
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CHsr=CHC0 2 C 2 H6 4- N 2 CIICO 2 C 2 H& -> CH 2 — CHCOgCsH* 175 

1 1 

HsCiiOjCCH N 

\ N / 

Aromatic diazonium salts react with a,j8-unsaturated esters. Nitrogen 
is eliminated, and addition as Aryl - X takes place, the aryl group 
adding to the a-carbon atom. With acetylenic acids a parallel reaction 
takes place, while with ethylenic acids the aryl group replaces an 
a-hydrogen atom and carbon dioxide is lost to furnish stilbenes. 168 

Using the <x,/3-unsaturatcd acids it is possible by studying the rates 
of esterification to show that conjugation of a carboxyl group with an 
ethylenic linkage decreases the reactivity of the carboxyl group. Thus, 
for esterification under comparable conditions, the following results 
are available. 176 

CH3CH 2 CH=CHC0 2 H k = 1.5 C 6 HbCH=CHC0 2 H k - 0.937 

CH 3 CH— CHCH 2 CO 2 H k = 74.0 C 6 H 6 CH 2 CII 2 C0 2 II k = 47.3 

Similarly the effect of conjugation with a carboxyl group on the reactivity 
of an ethylenic linkage can be established by the determination of the 
rates of addition of bromine to unsaturated acids. Determination of 
these rates shows that the rate of bromine addition to an ethylenic link- 
age conjugated with a carboxyl group is much slower than to an isolated 
ethylenic linkage. 

TABLE IV 177 

Substance Bromine Addition 

k 15° 

CH 8 CH=CIIC0 2 H 4.7 X 10~ 6 

CH 3 CH 2 CH=CHC0 2 H 3.3 X 10" 6 

CH 3 CH=CHCH 2 C0 2 H 10 . 0 

The addition of hypochlorous acid to ethylenic double bonds is also 
much retarded if the bonds arc conjugated with a carboxyl group and 
the nature of the products is influenced by the proximity of the ethylenic 
linkage to the carboxyl group. 178 The acids CH3CH— CHCH2CII2CO2H 
and CH 3 CH 2 CH^CHCH 2 C02H add hypochlorous acid readily 
a^d give mixtures of the two possible products, while the acid 

175 Buchner and co-workera, Ann., 273, 214 (1893) ; Auwere and Ungemaoh, Ber., 66, 
^8 (1933). 

178 Sudborough and Gittins, J. Chem. Soc., 95 , 315 (1909). 

177 Sud borough and Thomas, ibid., 97, 715, 2451 (1910). 

178 Bloomfield and Farmer, ibid., 2062, 2072 (1932) ; Bloomfield, Farmer, and Hose, 

1 800 (1933) ; Farmer and Hose, ibid., 962 (1933). See, also, reference 38. 
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CH3CH2CH2CH— CHC0 2 I1 combines with the same addend very 
slowly and gives only one product. 

CH 3 CH 2 CH 2 CHOHCIICICO 2 H 

Such unidirectional addition of hypochlorous acid to a,0-unsaturatcd 
acids does not always take place, as the following data show, for this 
reagent is not of the HA type where H necessarily enters the molecule 
via oxygen. 

TABLE V 

Per Cent Product with OH 
Substance on /3-Carbon Atom* 


ch 3 ch=chco 2 h 

74 

CII 2 =C (CII 3 ) co 2 h 

10 

CH 3 CH==C(CH 3 )C0 2 H 

38 

c 6 h 5 ch=chco 2 h 

100 

C 6 H 5 CH=C(CH 3 )C0 2 H 

100 


* Balance of product has OH on a-carbon atom. 

In the discussion of a,/3-unsaturated acids frequent references to and 
comparison with /8,7-unsaturated acids have been made * The #,7- 
un saturated acids illustrate a very general tendency of 0,7-un.saturated 
systems to rearrange to conjugated a,/8-unsaturated systems which are 
usually more stable. 

C 6 H s CH=CHCH 2 C0 2 H C 6 H 5 CH 2 CH=CHC0 2 H 

KOII 

/3,7-Unsaturated acids often show a tendency to form isomeric saturated 
lactones by intramolecular addition. Since this reaction is not reversible 
it will go to completion, and an <x, /3-acid may isomerize first to the 
/3,7-acid and then cyclize. 7,6-LJnsaturated acids form lactones and 
cyclic ketones. 179 

When the unsaturation in the 7-position is a carbonyl group, keto- 
cnol tautomcrism occurs. 

CIIsCCHaCO^Hg +± CHgC^CHCOaCalls 

i! I 

O OH 

The factors affecting the stability of a,/3- and /3,7-isomerides have been 
extensively investigated, 180 but, beyond noting that tautornerism is 

* The glutaconic acids. H0 jC 0H 2 CH==CHC0 2 H, combine both a, (3 and ft! w isat “ 
uration, and the chemistry of these acids and their derivatives has presented many prob- 
lems of unusual interest. Though complex, the reactions of the glutaconic acids can 
satisfactorily accounted for by the simultaneous occurrence of geometrical isomerism 
and 1,3-rearrangements, Kon and Nanji, J. Chan. Hoc., 2426 (1932) ; a detailed discussion 
of these reactions is beyond the seope of this chapter. 

179 Plattner and Pfau, Helv. Chim. Acta , 20 , 1474 (1937). 

Baker, “Tautornerism,” Routledge and Sons, Loudon (1934). 
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essentially an interconversion of a, (3- and /3,7-unsaturated systems, it 
will not be discussed in this chapter. 

A comparison between the reactivities of two conjugated systems, 
in one of which an ethylenic linkage is conjugated with a carbonyl group 
while in the other the ethylenic linkage is conjugated with a carbalkoxy 
group, is possible using /3-bcnzoylacrylic ester. With this compound HA 
reagents add to the conjugated system containing the carbonyl group. 181 

C6HsC0CH=CHC0 2 C a H B + CH 3 N0 2 C 8 H 8 C0CH 2 CHC0 2 C 2 H 8 

i 

CHsNOa 

The Diene Synthesis 

The diene synthesis consists of the 1,4-addition to a conjugated diene 
of an ethylenic compound in which the ethylenic linkage usually is, but 
need not be, part of a conjugated system. Isolated examples of the 
diene synthesis have been known for over fifty years, 182 but the reaction 
was first recognized by Euler and Josephson 183 and has since been 
extensively developed by Diels and Alder. 184 

A simple example of a diene synthesis is the addition of acrolein to 
butadiene. 



CH CH 2 CH CII 2 

i +n - ii i 

CH CHCHO CH CHCHO 



It will be noticed that 1,4-addition has taken place, that the addend has 
not split, and that a cyclic compound has been formed. The more use- 
ful addends have been a 3 0-unsaturated compounds such as maleic 
anhydride, amAdn, acetylene dicarboxylic ester, and the quin ones, but 
conjugated dienes can serve as addends (the dimerization of isoprene), 182 
as can ethylene itself and simple ethylenic compounds such as vinyl 
acetate and allyl chloride, in which the ethylenic linkage is activated by 
adjacencc to a polar group. 185 

Only 1,4-addition takes place in the diene synthesis even though the 
1- and 6-positions arc available. 

181 Kohler and Engelbrecht, J. Am. Chem. Soc., 41 , 704 (1919). 

182 Tilden, J. Chem. Soc., 45, 410 (1884). 

I8S Euler and Josephson, Ber., 53, 822 (1920). 

184 Diels and Alder, Ann., 460, 98 (1928), and numerous later articles; also Adams and 
Gold, J. Am. Chem. Soc., 62, 56 (1940) ; Allen, Bell, Bell, and Van Allan, ibid., 656. 

18i Alder and Rickert, Ann., 543 , 1 (1939). Ketones, however, do not enter into the 
diene synthesis; Smith, Agre, Leekley, and Prichard, J . Am. Chem. Soc., 61, 7 (1939); 
J oshel and Butz, ibid., 63, 3351 (1941). 
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C 6 H 5 CH— CH — C-H 

II 

CH 

I ' 

C II 

II 

c 6 h 6 ch 


CHCO 


CHCO 


C 6 1IbCII^=CH— C1I 

/ \ 

CH CHCO 

> II I >0 

CH CHCO 

\ / 

CH 

I 

C«H & 


Polyenes add one mole of maleic anhydride for each independent con- 
jugated system; thus, diphcnyldodccahcxaene adds three moles of the 
anhydride . 186 

The diene synthesis is applicable to cyclic dienes, some furans, and 
coumalin.* When the diene is cyclic, bridged ring products result. 
Endoethylenie bridges, such as that in [A], arc eliminated as ethylenic 
hydrocarbons on heating, and since the hydrogen atoms marked with 
asterisks are easily removed by oxidation, it is possible to convert the 


CH 


CH 


/| /|\ 

CH | CH, CH | CH 3 

| CHj +|| ^ 11 CH 2 | 

CH I CHCHO CII I CHC1I0 

\l \l/ 

CH CH 

0 


/ 


CH 


CH 

\ 


CH 

CH 2 

ch 

C 

CH 

ch 2 

1 

1 + 11 

| 

1 4^ 

1 

CH 

ch 2 

CH 

c 

CH 

-0 

w 


CH £ CH 

ch | \:h* ^ \h 


\ / 

CII 


X/ 

II 

0 


s / 

CII 


CH 


CH* 


CH 


C CH 

/ \ / 

CH 



l8< Kuhn and Wagner-Jauregg, Ber., 63 , 2662 (1930). 

* Heterocyclic nitrogen compounds react, but in a different manner. 
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addition products to aromatic compounds. When the structures of the 
aromatic compounds are known it is possible to work back to the struc- 
ture of the diene. Carbonyl bridges, such as that in [B], are lost as 
carbon monoxide on heating, and the resulting dihydrobenzenes are 
easily dehydrogenated . 187 


C«H 6 0=CC 6 H 5 

\ 

c=o + 

/ 

CeHfiC— CC bIIb 

c 6 h 5 c / 


chco 2 ch s 

CIIC 02 CII 3 

c 6 h* 

I 


CO 


C 6 H 5 C 


ciico 2 ch 3 
* I 

CHC 02 CH 3 


CbH 6 

[HI 


CsHe 


C 6 H 6 C 

il 

CbHsC 


/ C \ 


sc/ 

I 

c 6 h 6 


cco 2 ch 3 + CO 

I 

CC 02 CH 3 + II 2 


The diene synthesis always proceeds stereoselectively, to give polycyclic 
compounds with cis configurations at the ring junctions. 188 

Diene additions make possible the synthesis of many otherwise 
inaccessible or difficultly accessible products, and they have been much 
used for proving structures and establishing the presence of conjugated 
systems. However, since it has been found that not all conjugated 
systems will enter into diene syntheses, the reaction is of diagnostic 
value only when it is positive. 189 


Conjugation of an Ethylenic Linkage with a Nitrile or Nitro Group 

In this brief section will be mentioned certain reactions of systems 
in which an ethylenic linkage is conjugated with some group other than 
those which have heretofore been discussed. The section is short as the 
purpose is less to describe new types of conjugation than to show that 
these m>w types exhibit the typical behavior of the conjugated systems 
which have already been considered. 

Tlie a,0-unsaturated nitriles undergo both 1,2- and 1,4-addition; 

187 Allen and Sheps, Can. J. Research, 11, 171 (1934). 

188 But*, But*, and Gaddis, J. Org. Chem., 5, 171 (1940). 

185 Berchet and Carothers, J. Am. Chem. Soc., 65, 2004 (1933) ; Coffman and Carothers, 
xhid -> 56, 2043 (1933). 
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the factors influencing the mode of addition are similar to those dis- 
cussed in connection with the a,(3-unsaturated ketones. 

C 6 IIjCH=CHC=N + CH>(CO»B.)j C 6 H 6 CHCH 2 CN 182 


C!H 6 Cn=CHC=N + C«H 6 MgBr 


CH(C0 2 R) 2 


C,H 6 CH=CHC=NMgBr C,H 5 CH=CHCO » 


C 6 H s CH=C(C«H 6 )OsN + CeHsMgBr -» 

C 6 H s CH=C(C 6 H 5 )C=NMgBr C«H 6 CH=C(C 6 II s )COC 6 H s 

CsHo ^ . 

+ HX ' 

(C«H 5 )sCHC(C,Il 5 )=C=NMgBr (CeH s ) 2 CHCII(CsII 5 )teN 

The «,/3-unsaturated nitro compounds behave in the main like 
ketones, but their reactions are more complex. 901 ** 

C 6 HiCH=C(C6lI»)XOj + H 2 -* C 6 H 5 CH 2 C=N01I 


2C«H s CH=CIIN0 2 + Hi -> C,H t CHCH 2 N0 2 
CjHjCHCHjNOj 

With the Grignard reagent and substituted o,(3-unsaturatcd nitro com- 
pounds, only 1,4-addition is obtained. 191 

C,H,CH=C(C 6 H 5 )NO ! — (C»H 5 )iCHC(C 6 H 5 )=n/ 

HX H)H 

7° 

(C,H*) 2 C=C(C,H 5 )N0 2 - C % ~ U (C 6 H 6 ) 2 C(CH»)C(C 6 II 5 )=N<' 

nx X>H 

Conjugate addition to a carbon-nitrogen double bond and a double 
bond of a phenyl group (p. 506) has also been observed in the reaction 
between phenylmagnesium bromide and benzophenone-anil. 192 

/MgBr 

CuKsC— N< C,H & CHNHC e H» 

C.niO=NC«Hi Xtfl, * & l 

I yTT /C 4 H 6 


+ C«H.MgBr 


190 Kohler, Am. Chem. J., 35, 386 (1906). 

191 Kohler and Stone, J. Am. Chem. Soc., 52, 761 (1930). 

192 Gilman, Kirby, and Kinney, ibid., 61 , 2252 (1929). 
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Crossed Conjugated Systems 


Three or more conjugated double bonds which are not arranged in 
a continuous chain form what is known as a crossed conjugated system. 

6 5 3 2 1 

Examples are furnished by the pentadieneones, 0=0 — C— C=C. 

ii 

6 5 2 1 O 4 

the branched-chained acids, C=C — C=C, and the para-quinones, 


0=C : 


H0C=0 

4 3 4 3 

CH=CH 

\2 i 

V>=0. The more important crossed conjugated systems 


/ 

\ 


CH=CH 


contain oxygen, and it will be noticed that they can be considered as 
being made up of two or more separate conjugated systems with one 
or more atoms in common. 

The pentadieneones have been the subject of many investigations, 
as a result of which it is known that they show most of the character- 
istic reactions of the simpler a,d-unsaturated ketones. Halogen adds 
to the ethylcnic linkages, and two moles of halogen may be added to 
pentadieneones. In general, however, it is more difficult to add the 
second mole than the first mole of a reagent to a pentadieneone, even 
though the product of addition of one mole still contains a conjugated 
system. 

The Grignard reagent adds 1,4 to the conjugated system, C=C— C, 

II 


0 


in a pentadieneone, 193 even though an excess of the reagent is used, 
only one mole adds at a time. 


C«H i CH==CIICOCH=CIICfiH i + C 6 H 6 MgBr (C 6 II 5 ) 2 CHCH -CCH=CHC 6 H fi 

[AJ j 1 

I hx OMgBr 

(C 6 H 6 ) 2 CHCH 2 COCH=CHC 6 H 6 
[B] 

The reaction leading to the singly unsaturated ketone [B] affords strik- 
ln g evidence for 1,4-addition and against direct addition to the ethylenic 
linkage. A second mole of the Grignard reagent can bo added but only 
a ffer the conjugated system C— C — C=0 has been regenerated by 

193 Kohler, Am. Chem. J ., 37. 369 (1907) ; 38, 511 (1907) ; Woodward, Borcherdt, and 
FuROn , Am. Chem. Sue., 56, 2103 (1934). 



690 


ORGANIC CHEMISTRY 


acidification of the magnesium derivative [A] and formation of the 
ketone [B]. 

(C»H l ) 2 CHCH 2 COCH=CHCeH s + CoHsMgBr — 4 

(CeH^sCHCIIjCOCIIjCHtCeiyj 

The mode of addition to pentadieneones of substances having hydro- 
gen atoms activated by adjaeence to unsaturated groups is similar to 
the mode of addition of these same reagents to singly a,i?-unsaturated 
ketones. The ease of addition is affected by minor variations in the 
structures of the ketone or the addend, and the addition products often 
react further to furnish cyclic compounds. From dibenzalacetone and 
malonic ester, each of the three possible products has been isolated; the 
cyclic ester is the result of an intramolecular addition process which U 
perfectly analogous to the intermolccular addition of a substituted 
malonic ester to an a,0-unsaturated ketone. 191 


C # H l CH=CHCOCII-CHC 8 H # +CH,(CO a CH 3 ) 2 C # H,CHCH 1 COCH=Circ,H, 


CH(C0 2 CH 5 ) 2 


CeHbCHCHjCOCHiCHCeHj 
ilI(CO s CI Uh (JlHCCOjCHd, 



Dibenzalpropionie acid contains a crossed conjugated system which 
includes a carboxyl group. 

CiH 6 CHBrCH*CCHBrCaH s 

1 

H0C=0 

Bromine adds mostly to the ends of the 1,2,5, 6-system, but some 1,2- 
dibromide is formed. Hydrogen and compounds of the HA type, con- 
taining hydrogen activated by adjaeence to an unsaturated group, add 
to the 1,2,3,4-system. These addends appear in the final products 
attached to the 1- and 2-carbon atoms; the addition, however, is doubt- 
less conjugate followed by ketonization. 

m Kohler and Helmkamp, ibid., 46, 1018 (1924) ; Kohler and Dewey, ibid., 46. 1267 
(1924). 


C 6 H 6 CH=CHC=€IIC 6 H5 

i 

HOC— 0 

3 4 


+ Br 2 
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a-Cyanocinnamic ester contains a crossed conjugated system 
including a carbalkoxy and a cyano group. The addition of the Grig- 
nard reagent presumably takes place 1,4 to the system containing the 
cyano group, but the evidence for the location of the — MgBr group in 
the addition product is not conclusive. 195 

CsH 6 MgBr 

c«h 6 ch=cco 2 c 2 h 6 - ‘ (C 8 H 5 ) 2 CHCHC0 2 C 2 H 5 

I IIX I 

CN CN 

Quinones present a more complex picture than the substances here- 
tofore considered since the presence of a second carbonyl group intro- 
duces additional complications. In many respects quinones resemble 
the unsaturated 1,4-diketones which are to be considered shortly. In 
the quinones there are two independent and four dependent conjugated 
systems of four atoms each, and two long conjugated systems of six 
atoms each, in addition to two carbonyl groups and two olefinic linkages 
that may function independently of each other. The isolation of all the 
compounds formed in an addition reaction involving a quinone is usually 
very difficult; not only is the reaction mixture composed of addition 
products but also there are substances resulting from oxidation and reduc- 
tion reactions. Quinone adds bromine stepwise in the 3, 4- positions, form- 
ing quinone di- and tetrabromides. Phenylazide, diazomethane, and 
the dienes also add in the 3,4-positions. On reduction hydroquinone 
results; the hydrogen is found on the oxygen atoms as a result of 1,6- 
addition. All quinones, regardless of the distance between the carbonyl 
groups, add hydrogen at the ends of the conjugated system. Substances 
having active hydrogen atoms (nitromethane, malonic ester, and the 
like) also add to quinones, but a complex mixture of products always 
results. 

Perhaps the most interesting addition reactions of the quinones are 
those in which the addend is of the type HX. Hydrogen chloride yields 
mainly a chlorohydroquinone; aniline forms a mono- and a dianilino- 
quinone. 196 The formation of these products is readily accounted for by 
assuming that 1,4-addition first takes place; the intermediate [A] has 
an active hydrogen atom which undergoes enolization to give the sub- 
stituted hydroquinone [B], which is then oxidized by a molecule of the 
°dginal quinone to furnish a substituted quinone [C] while the oxidant 
ls reduced to hydroquinone. Although a second molecule of HX could 
a dd in several ways, actually it adds in but one way to furnish [DJ. 

Kohler and Reimer, Am. Chem. J., 33, 333 (1905). 

* Simla and Suida, Ann., 416, 113 (1918). 
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The succeeding steps to the disubstituted quinone arc a repetition of the 
preceding steps. 


0 

II 


OH 

OH 

| 


/\ 


A 

/ c \ 


CH CH 

II II 

HX 

CH CH 

1 II 

CH CH 

V I (1 

Quinone 

II II 


1 

' 1 II 


CH CH 


CHX CH 

CX CH 


\/’ 

ii 


1 

V/ 

1 


II 

0 


II 

0 

1 

OH 




l-M 

IB] 


0 

0 


OH 

0 

II 

II 


1 

II 

/ c \ 

/A 

/ c \ 

/ c \ 

CH CH tiY CH 

ii 1! II 

CHX 

CH CX CH CX 


1 


II 1 

7 II Ii 

CX CII CX 

CH 

CX CH 

CX CH 


\ c / 

A/ 

\/ 

ii 

1 


1 

II 

0 

OH 


OH 

0 

[Cl 



[D| 



The addition of hydrogen cyanide is unique; two molecules of the 
reagent add, but in the resulting dicyanohydroquinone both eyano 
groups are on the same side of the benzene ring. The explanation is as 
follows: the first step resembles the scheme outlined above, a mono- 
cyanoquinone C' of type C resulting. This substance, however, contains 
an alternate conjugated system involving the nitrile group, to which hy- 
drogen cyanide will add more readily than to the system C=C — C— 0 ; 217 
rearrangement of the hydrogen atoms leads to the dicyanohydro- 
quinonc. 197 


0 0 

I! H 


II 

/ c \ 

n 

OH 

^/Ls\ 

1 

CH CH 

CH CHCN , 

''"V-CN 

1! 1! 

|| | 

U- cn 

CH C — C=N 

[ CH C— C=NH 1 

II 

0 

C' 


1 

OH 

0 



197 Allen and Wilson, J. Am, Chem. ,Soc., 63, 175G (1941). 
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Long Conjugated Systems 

The unsaturated compounds considered so far have contained, with 
the exception of the quinones, no more than two conjugated double 
bonds arranged in a continuous chain, and they have presented the 
possibilities of 1,2- and 1,4-addition. When three conjugated double 
bonds are arranged in a continuous chain the possibilities are more 
numerous: 1,2-addition at each double bond, 1,4-addition to either of 
the two conjugated systems, and 1,6-addition at the ends of the long 
conjugated system. With more than three conjugated double bonds 
arranged in a continuous chain the number of possible inodes of addition 
is still greater, but such systems are not common and for the most part 
systems containing three conjugated double bonds only will be dealt 
with. Hydrogen, bromine, malonic ester, the Grignard reagent, and 
phosphorus pentachloride have been reported to undergo l,«-addition, 
where n> 4, but this type of addition to the ends of long conjugated 
systems is common only with hydrogen. 

The terminally phcnylatcd dienes on reduction with metal combina- 
tions add but one mole of hydrogen, and the addition is always at the 
ends of the conjugated system. 198 

C 6 H5CH=CIICH=CHCH=CHC 6 H 5 + II 2 -» 

c 6 h 5 ch 2 ch=chch=chch 2 c 6 h 6 


On catalytic reduction with one mole of hydrogen these polyenes give 
mixtures of unattackcd and completely reduced material; the reduction 
to phenylated paraffins is, of course, complete when sufficient hydrogen 
is used. A single example of 1,6-addition of halogen to a polyene has 
been reported; 1,3,5-hexatriene furnishes a 1,2-dibromide in the absence 
of hydrogen bromide and a 1,6-dibromide in the presence of hydrogen 
bromide. 199 

CH,=CHCH==CHCH=CH 2 + Br 2 


^/HBr present 

CH ! BxCH=CHCH=CHCH 2 Br 


\ 


HBr absent 


\ 


CH 2 BrCIIBrCH=CHCH=CH 2 


Tlie other addition reactions of the polyenes are cither 1,2 or 1,4. 

Certain unsaturated 1,4-diketones furnish, on reduction, mixtures of 
saturated 1,4-diketones and fu rails. Since saturated 1,4-diketones are 

198 Kuhn and Winterstein, Hdv. Chim. Acta. 11. 123 (1928). For a general discussion 
preparation, properties, and i tactions of the phenylated polyenes compare Heir. 
CAi ™- Acte, 11, 87-151 (1928). 

m Farmer, Laroi, Switz, and Thorne, J, Chetn. Soc., 2937 (1927). 
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known to furnish furans on dehydration, the formation of furans on 
reduction may proceed by way of the saturated ketones. It has been 
shown in several cases, however, that unsaturated 1,4-diketones can be 
reduced to yield, principally, furans under conditions such that no 
appreciable conversion of the saturated ketones to the furans takes 
place. 200 This affords convincing evidence that the reduction of un- 
saturated 1,4-diketones proceeds through 1,6-addition and that the 
resulting dienol [A] may either rearrange to the saturated diketone [Hj 
or eliminate water to form the furan [C], probably via a monoenol. 201 

C 6 H t COCH=CHCOC 6 H5 + H 2 

" CfiH&C— CHCH=CC 6ll i 

I I 

OH OH 

[A1 

i 

CH — CIl 

II II 

c«h 6 c cc 6 h 8 

\>/ 

[Cl 


-> CgHtCOCIIjCH-COCeHs 

[B] 


By analogy with the unsaturated 1,4-diketones, a 1,71-addition of 
hydrogen may be assumed to take place in the notably easy reduction of 
a number of long conjugated systems which terminate at both ends in 
oxygen; 1,6-addition in the reduction of maleic acid and its analogs, 
o-phthalic acid, the para-quinones, and many vat dyes; 1,8-addition in 
the reduction of tercphthaldehydc, muconic acid, and terephthalic acid; 
and even higher types of addition in the reduction of polynuclear 
quinoncs. In the examples just cited there is no direct evidence for the 
type of addition assumed, but the reduction of ortho- and para-dinitro- 
benzene to the nitrosonitrobenzencs, under conditions such that mata- 
dinitrobenzene is not affected, does constitute evidence for 1,6 and 1,8- 
addition of hydrogen. 202 



0 



200 Lutz, J. Am. Chen i. Soc„ 61, 3008 (1929) ; Lutz and Reveley, ibid., 61, 1854 (1939). 
m Lutz and Kibier, if rid., 62, 3G0 (1940). 
m Meisenheimer, Rer., 36, 4174 (1903). 
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Returning again to the unsaturated 1,4-diketones, it is to be noted 
that the addition of reagents other than hydrogen is 1,2 or 1,4, but never 
1 6. Halogen, as usual, adds 1,2 to the cthylenic linkage. Halogen 
acids add 1,4 to the system C— C — C— 0, and the addition products 
serve to establish the mechanism as 1,4-addition with hydrogen entering 
the molecule at an oxygen atom. Both cis- and Jrems-dibenzoylehloro- 
ethylcnes [A] add hydrogen chloride in chloroform or ether to give 
mixtures of meso and racemic dibenzoylchloroethancs [C]. The ratio 
in which the chloroethanes are formed is dependent on the conditions 
under which the addition is carried out and not on the configuration of 
the starting materials. Both the meso and racemic chloroethanes are 
stable under the conditions obtaining in the addition reactions so that 
there is no isomerization due to the reagents. These apparent stereo- 
chemical inconsistencies can be interpreted on the assumption that 
14-addition of hydrogen chloride takes place to form the enol [B], 
for in this process the stereoisomerism about the cthylenic double bond 
in the stalling material is destroyed. The enol can then ketonize to 
form the chloroethanes, and the ratio in which the chloroethanes are 
formed will be dependent on the conditions under which ketonization 
takes place and independent of the configuration of the chloroethylene 
used. The enol [B] may also lose a molecule of water to form the furan 
[D]. When the addition of hydrogen chloride is carried out in alcohol 
the furan [D] is obtained, and this, since the chloroethanes [C] are not 
converted to the furan [D] under these conditions, is additional evi- 
dence for 1,4-addition. 203 


C 6 Il6COCH=C(Cl)COC 6 H5 + IIGT 

(as and Irani] 

[A] 


CC1— cci 
II II 

c«h 6 c cc 8 h 6 


C 8 H 5 COCHC1C(C1)=CC b H6' 


[B] 


HO 


CcH 5 COCHC1CIIC1COC 6 H 5 

[meso and racemic] [C] 


[Dl 


The addition of the Grignard reagent to unsaturated 1,4-diketones 
furnishes 1,4- and sometimes 1,2-addition products. Thus, dibenzoyl- 
ethylene and phcnylmagncsium bromide give desylacetophenone, 204 
a ud phenyldibenzoylethylene with the same reagent furnishes bidesyl 

Lu tz and Wilder, J. Am. Chem. Soc. 56, 1193 (1934). 

W Lu *» and Tyson, ibid., 56, 1341 (1934). 
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and tetraphenylfuran. 205 The persistence of the second carbonyl group 
unattacked through these reactions is presumably to be accounted for 
by the formation of a magnesium derivative of the enolic form. 


CsHsCOCIIM^HCOCsHs C 6 H,COCHCH,COC,H 6 


C s H 6 


C6H 5 COC(C 6 H s )=CHCOCsH5 


C fi H 5 MgBr 

HX 


CeHaCOCIl— CUCOCells C fi II 5 C CC 6 H S 

II + II II 

C 6 H 5 C«H & CcH 5 C CCeHi 

\ / 

0 


Contrasted with these examples of 1,4-addition is the reaction between 
dibcnzoylstilbcne and the Grignard reagent which furnishes only 1,2- 
addition products. 205 

Cinnamalaeetophenone is representative of long conjugated systems 
made up of two ethylenic linkages and a terminal carbonyl group, The 
reaction between cinnamalaeetophenone and phosphorus pentachloride 
is considered to be 1,6-addition, but here, as with benzalacetophenone, 
the mechanism may be replacement of the carbonyl oxygen by chlorine 
followed by a migration of one chlorine atom. 167 

C 6 H 6 CH^CHCH=C11C0C6H 5 + PCU 

C 6 IIsCHC1CH=CIICII— C(C1)C6H5 + P0C1, 

Malonic ester 206 and toluenesulfinic acid 207 add 1,4 to cinnamalaccto- 
phenone. Addition of the Grignard reagent is likewise 1,4. 208 

C«He 

CeH b CH— CHCII=CHCOC 6 H s — — — % CoII5CH=CH^HCH 2 COCgH s 
iix 

In fact, 1,6-addition of the Grignard reagent has been found to take 
place only to one group of substances all the members of which may be 
considered to be analogs or derivatives of fuehsone. 209 

Hahn and Murray, ihid., 36, 1484 (1914). 

2 «« Vorlander, Ann., 345, 218 (1906). 

807 Kohler and Reimer, Am. Chem. J., 31, 163 (1904). 

898 Kohler, Ber., 38, 1203 (1905). 

299 Julian and Magnani, J. Am. Chem. Hoc., 56, 2174 (1934) ; Julian and Cole, ibid., 
57, 1607 (1935) ; Julian and Gist, ibid., 57, 2030 (1935) ; Julian, Cole, and Wood, U»d„ & - 
2508 (1935). 
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Clh 

\ 

c 6 h 6 cc 6 h 6 c 6 h 6 — c— c 6 h 5 



0 OH 


All other attempts to secure 1,6-addition of the Grignard reagent have 
been unsuccessful, and earlier claims of 1,6-addition have not been 
substantiated. 209 

A relatively wide variety of doubly unsaturated acids and esters 
has been available, and from the study of their addition reactions many 
interesting results have been obtained. The nature of the products of 
partial catalytic reduction of these acids and esters is still controversial. 
For certain reactions dihydro reduction products have been described 210 
but not always confirmed. 211 Differences in experimental conditions and 
in the nature of the catalyst may account for the divergent results so 
far reported. At one time it was believed that the addition of but one 
mole of hydrogen to a doubly unsaturated acid or ester always gave 
mixtures of unattacked material and completely reduced products. 212 

In contrast with catalytic reduction, sodium amalgam usually gives 
a mixture of dihydro derivatives which may be accounted for by 1 , 4 - 
and 1, 6-addition. Sorbic acid furnishes two isomeric dihydro derivatives 
whose structures have been established by synthesis. 213 

CH s CH 2 CH=CHCH 2 C 0 2 H 
CH 3 CH=CHCII=CHC 0 2 H + H 2 -» + 

ch 3 ch=chch 2 ch 2 co 2 h 


0-Phenylsorbic acid gives a mixture of analogous dihydro products. 214 


CH 3 CH=CHC=CHC 0 2 H + H 2 


c 6 h 6 


CH3CII2CII—CCH2CO2H 

1 

c 6 h 5 


+ 

CH 3 CH=CHCnCIl!C0 2 H 

I 

c,h 5 


m M\i skat and Knapp, Ber., 64, 779 (1931) ; Farmer and Galley, Chc.m. Soc., 430 
(1932) ; Fanner and Hughes, ibid., 304, 1929 (1934) ; Farmer and Hughes, J. Soc . Chetn. 
In < S3, 131 (1934). 

211 Ingold and Shah, J. Chcm. Soc., 885 (1933). 

n2 Htickel, “Theoretische Grundlagen der organischen Chemie,” Akad. Verlaga., 
L %ig (1931), Vol. 1, p, 340. 

113 Burton and Ingold, J. Chem. Soc., 2022 (1929). 
iM Kuhn and Hoffer, Ber., 66, 1263 (1933). 
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a-Phenylmuconic acid furnishes 23 per cent of the 3,4-dihydro product 
the balance of the material undergoing complete reduction, and a- 
methylmuconic acid gives 80 per cent of the 1,4-dihydro acid. 215 

ho 2 cch=chch=cco 2 h 

I 

C,H 8 

H0 2 CCH 2 CH 2 CH=CC0 2 H + H0 2 CCH s CH 2 CH 2 CUC0 2 II 

I I 

C,H S C,H S 

ho 2 cch=chch=cco 2 h -S-> ho 2 cch 2 cii=chchco 2 h 

I I 

CIIj CHj 

A number of esters of the malonic tyi>e have been added to the 
doubly unsaturated esters. The mode of addition varies markedly 
using a single addend and a series of unsaturated esters. The yields 
reported are none too accurate because of experimental difficulties, 
and in some cases not all the starting material can be accounted for. 
The results using malonic ester arc shown by the following reactions.* 

CH2=CHCH=CHC02R CH 2 CH==CHCH 2 C0 2 R 1,6-addition 75% 

I 

CH(C0 2 R) 2 

CH3CH=CHCH=CHCO i! R 

CH 3 CHCH==CHCH 2 C0 2 R 1,6-addition 80% 

I 

CH(C0 2 R) 2 

CH 3 CH==CHCHCH 2 C0 2 R 1,4-addition 10% 

! 

CH(CO a R)* 

CHjCH=CHCH=CIICII=CHC0 2 R -> 

CH 3 CHCH=CHCH=CHCH 2 C0 2 R 1,8-addition 10% 

CII(C0 2 R) 2 

CH 3 CH=CHCH=CHCHCH 2 C0 2 R 1,4-addition 67% 
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Cinnamalmalonic ester adds two moles of malonic ester. 216 This 
can be accounted for by 1, 6-additicn of one mole of the addend followed 
by a shift of one hydrogen atom to furnish a new conjugated system 
which adds a second molecule of malonic ester in the 1,4-positions. 


C 6 1I s C 1I=CHCH=C(C0 2 R)2 + CH,(COiCH,) a ^C e H 8 CHCH=CHCH(C0 2 R) 2 

CH(C0 2 CH 3 ) 2 


CH(C0 2 CH 3 ) 2 

I 

UCHCH 
ClUCOjCIIdz 


, x pH 2 (COjCII*) 2 * 

C«H6CHCH 2 CHCH(C0 2 R)2 < C 6 HiCHCH 2 CH— C(C0 2 R)2 


^(COnCH,), 


Two moles of hydrogen cyanide can also be added to cinnamalmalonic 
ester, and in this reaction the primary 1,4-addition product can be 
isolated. 217 The addition of the second mole of hydrogen cyanide is 
1,4 and involves the cyano group. 

C«H b CH=CHCH=C(C 0 2 R)2 C e H 6 CH=CHCHCII(C0 2 R)> 

I i 

CN 

HCN v 

CellftCUsCH' — CHCH(C02ll)2 < C fi II 6 CH 2 ClI=CCII(C0 2 R) 2 

I I I 

CN CN CN 


The addition of the Grignard reagent to the doubly unsaturated 
esters never furnishes 1,6-addition products. The most favorable ease 
is 0-vinyIacrylic ester, and this substance is first converted to a ketone 
which then undergoes only 1,4-addition. 


' CeH&MgBr „ 

CH 2 =CHCH=CHC0 2 R - " y - > CH^CHCH^CHCOCeHs 


IIX 


i' 


CsIIiMgBr 


CH2=CHCHCII 2 COC 6 H6 

I 

C,H, 


The reluctance of the Grignard reagent to undergo 1,6-addition is 
characteristic of most addends, for, with the exception of esters and 
hydrogen, the great majority of reagents which undergo 1,4-addition 

«,/3-un saturated esters and carbonyl compounds undergo only 1,4- 
addition to the analogous doubly unsaturated systems where 1,6- 
addition is a possibility. 218 In contrast with 1,4-addition, which is one 
of the commonest modes of reaction of conjugated systems, 1,6-addition 
is unusual. 

* 16 Meerwcin, Ann., 360, 325 (1908). 

* M Duff and Ingold, J. Chem. Soe.. 87 (1934). 

Ingold, Pritchard, and Smith, ibid., 81 (1934) ; Kohler and Butler, J. Am. Chan. 
boc -> 48, 1036 (1926). 
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INTRODUCTION 

The term polymer was introduced into organic chemistry by Ber- 
zelius 1 more than a century ago to designate the more complex of two 
substances having identical composition but differing in molecular 
weight. There was no idea of any other relation between the two sub- 
stances in this definition. In later years, the term polymerization came 
to be applied to the process of self-addition of unsaturated compounds 
to give products which appear to have the same composition but 
multiple molecular weight. The terms polymer and polymerization are 
now used almost exclusively in connection with very-high-molecular- 
weight compounds. 

The careful study of polymers or macromolecules which has been 
going on for about the last twenty years constitutes one of Ihe important, 
developments of modern organic chemistry. 

It is now known that few, if any, addition polymers (macromole- 
cules) have exactly the composition of the monomers from which they 
are formed. The process of self-addition is usually interrupted by the 
addition of one or more foreign molecules giving terminal groups which 
are very different in composition from the monomer. The classical 
work of Staudinger and Liithy 2 * on the polyoxymethylenes illustrates 
this possibility. When formaldehyde polymerizes, the reaction may be 
interrupted by the addition of water to yield methyl 

alcohol to give CH30[CH 2 0]»H, etc. Cai-othcrs’ work on polyesters 
and polyamides has brought these polymer-forming reactions to the 
attention of chemists. These polymers differ markedly in composition 
from the reactants which produce them because of the loss of some small 
molecule such as water during their formation, yet such reactions seem 
best described as polymerization processes. 8 

Polymerization reactions are intermolecular combinations that are 
functionally capable of proceeding indefinitely and thus may theoretic- 
ally lead to molecules of unlimited size. Polymers can be classified as 
addition polymers and condensation polymers. The addition polymers 
are formed by intermolecular reactions of the monomeric units without 
the elimination of any atoms or groups. Thus vinyl chloride (I) com- 
bines with itself to produce polyvinyl chloride (II). In writing the 

CH 2 =CHC1 -► — [CH 2 CHCl] n — 

i H 

1 Berzelius, Jahresker., 12, 64 (1833). 

* Staudinger and Lvlthy, Helz, Chim. Acta, 8, 41 (1926). 

‘Carothers, J. Am. Chem. Soc., 61, 2548 (1929). 
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polymer as in structure II, no indication is given as to what is at the 
ends of this polymeric chain. Condensation polymers are produced 
by reactions which involve elimination of some simple molecule between 
two functional groups; such reactions are esterification, anhydride 
formation, amide formation, aldol condensation, etc. The sclf-ester- 
ification of ehydroxycaproic acid (III) serves to illustrate this type. 
The reaction between a dibasic acid and a glycol runs similarly. There 
are also cases which seem to be hybrids between these two fundamental 
types (see p. 768). 


nH0CH 2 CH 2 CH 2 CH 2 CH 2 C0 2 H 

in 

HO[CH 2 CH 2 CH 2 CH 2 CH 2 C0 2 ] n H + (» — 1) H 2 0 

IV 

Reactions of the types indicated lead to high-molecular-weight 
chains or linear molecules which have a characteristic recurring unit. 
The character of this unit is a factor of great importance in determining 
the nature of the polymer. The physical properties of linear polymers 
are related to their molecular size and to the nature of the recurring 
units. It is at once rather evident that in a synthetic linear polymer it is 
not likely that each individual polymer chain will be exactly the same 
length as every other chain. Hence, a synthetic polymer will not be 
strictly a chemical individual from this point of view. The natural 
polymers do not have the wide variations in average chain length which 
arc characteristic of the synthetic polymers. 

There arc many possible polyfunctional reactions, and some of these 
lead to products which are not linear. The well-known esterification of 
glycerol by phthalic anhydride to produce a polyester (V) is an example 
of the formation of a three-dimensional polymer. 

Such a three-dimensional polymer as this is always insoluble, infu- 
sible, and generally intractable. There are all gradations between the 
true linear polymer and the three-dimensional type. The cross-linked 
polymers have properties falling between the two extreme cases. They 
are usually less soluble than the linear esters but may swell with solvents, 
whereas the true three-dimensional polymer is usually entirely unaf- 
fected by solvents. 

Self-addition reactions of such compounds as the 1,3-dienes may lead 
to complex cross-linked polymers. The rubber molecule produced in 
the living plant (VII) is apparently made up of isoprene units (VI) 
joined in the 1,4-positions. 
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CO 

I 0 + CHs-CH-CHs 

^ U L U 



nCH 2 =C— CH=CH 2 -> — [CII 2 — C==CH— CH 2 ] n — 

I I 

ch 3 ch 3 

vi VII 

However, when a diene of this type is polymerized in the laboratory 
both 1,2- and 1,4-additions may occur. The first product is apparently 
a linear polymer with occasional vinyl side chains (VIII), in those 
butadiene units which have polymerized in the 1,2-positions. This 

nCH 2 =CH— CH=CH 2 

— (CHjr-CH=CH— CH 2 )*— (CH 2 — CH)„— (CH 2 — CH=CII— CH s )r- 

i 

CH 

II 

ch 2 

VIII 

polymer may undergo further reactions to give complex cross-linked 
structures. 

In addition polymerizations two different monomeric units may 
interact to give a polymer chain containing both units. Such polymer 
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are known as copolymers . The best-known examples of this type of 
polymer are the various “Vinylite” resins (XI) made from vinyl chloride 
(IX) and vinyl acetate (X). The term copolymer has not been com- 

zCII 2=CH + yCH*=CH -> -(CH 2 CH) — (CH 2 CH ) 6 -(CH 2 CH) c - 

Cl OCOCHj Cl (*)COCH s Cl 

IX x xi 

monly applied to the condensation polymers, but it might be used for 
such a substance as a polyester made from two or more dibasic acids 
with one or two polyhydric alcohols, etc. 

Another type of polymerization reaction that is sometimes encoun- 
tered is the copolymerization of two unsaturated molecules, one of which 
does not normally undergo addition polymerization. Thus maleic 
anhydride (XII), which alone does not polymerize, will copolymerize 
with styrene (XIII) to give a linear polymer (XIV). Such a polymer 
has been called a heteropolymer . 4 

CH=CH + CcH&CH=CH 2 -> — [CH CII—CII— CH 2 ]n— 

i i xin ill 

CO CO CO CO CeHs 

\/ \/ 

XII XIV 

In condensation polymers the end groups are the functional groups 
of the original reacting molecules. Thus, if a hydroxy acid is converted 
to a polyester, the polymer will have a hydroxyl group at one end of the 
chain and a carboxyl group at the other. If two reacting molecules such 
as a glycol and a dibasic acid are used, the end groups may be hydroxyl 
and carboxyl, two hydroxyls, or two carboxyls, depending on the ratios 
of the reactants. 

In addition polymers the end groups are less well known. They 
may be parts of the catalyst used to initiate the reaction (p. 775); 
they may result from a disproportion of reacting chains; they may come 
from a reaction between growing chains and impurities in the monomer 
or solvents used for the reaction. In the past the end groups have 
usually been written as hydrogen and a double bond; for the present, 
however, it is probably wisest not to attempt to indicate end groups on 
uiost vinyl polymers. 

It should be realized that not all reactions between bifunctional 
^lecules will produce useful polymers. To give products with a 
molecular weight high enough to make the polymer useful, the reaction 
°f formation must be one which proceeds smoothly and in excellent 

4 Wagncr-Jauregg, Ber., 63, 3213 (1930). 
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yields. In general, any reaction which gives yields of less than 90 per 
cent between simple molecules can be overlooked as a useful polymer- 
forming reaction. To obtain macromolecules, clean-cut reactions with 
few possibilities for side reactions are essential. 

The older literature is full of references to tarry side products and 
insoluble residues when bifunctional or polyfunctional reactions were 
carried out. In the early days of the scientific development of the 
polymer field, the orthodox organic chemist called the polymer chemist 
a student of “gunks” and indicated that the purity of his products was 
far less than that demanded in ordinary synthetic work. Actually 
nothing can be farther from the truth. To obtain useful high-molecular- 
weight products it is essential that starting materials have an extremely 
high degree of purity, often far above that of so-called analytical purity. 

There is another type of rather large molecular aggregate which is 
sometimes described as a polymer. Certain organic molecules such as 
ethyl alcohol and acetamide which contain active hydrogen as hydroxyl 
or amido hydrogens and donor atoms such as oxygen and nitrogen arc 
rather firmly joined together by hydrogen bonds. These products are 
really polymeric in nature, but they differ markedly in stability from the 
polymers in which the units are held together by covalences. The 
polymers held together by hydrogen bridges usually have the chemical 
reactions of the monomer although the physical properties (boiling 
point, melting point, solubility, etc.) are out of line with those predicted 
for the monomer. These may be called association polymers. 


CONDENSATION POLYMERIZATION 

Condensation polymers may be produced from a great variety of 
polyfunctional compounds. Generally speaking, any reaction between 
simple functional groups may be adapted to polymer formation. There 
is no essential difference be tween a condensation reaction which produces 
a polymer and a similar reaction which produces low-molecular-weight 
molecules. However, to obtain satisfactory polymeric products, the 
reactants must be pure, they must be used in the proper ratios, and the 
reactions must take place almost quantitatively. 

In the following pages the synthetic polyesters, polyamides, poly* 
sulfides, urea-formaldehyde condensation products, phenol-formalde- 
hyde condensation products, polyethers, polyacetals, polyanhydrides, 
and a few 7 other miscellaneous condensation polymers will be discussed. 
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Polyesters 

The polyesters first became technically important as alkyrl resins; 
later they were studied from the theoretical standpoint. The discussion 
of these esters will not follow their historical development. 

Hydroxy acids will undergo self-esterification to produce the sim- 
plest type of polyesters, but glycols and dibasic acids, or polyglycols and 
polybasic acids, give the same type of reaction and produce correspond- 
ingly more complex products. 

With bifunctional molecules, ring formation will compete with linear 
polymer formation. Carothers 3 has pointed out that under the usual 
reaction conditions a five- or six-membered ring will usually form when- 
ever that is possible. In all other cases polymer formation is the favored 
reaction. However, special conditions may alter the course of a reac- 
tion. Thus Ruggli 5 has demonstrated the value of the high-dilution 
principle for producing large rings. The application of these principles 
can best be demonstrated by a discussion of particular cases. Structural 
features in the reacting units may also affect the balance between ring 
formation and polymer formation. 

Polyesters from Hydroxy Acids. When any hydroxy acid 
H 0 (CH 2 )nC 02 H (except a 0-hydroxy acid) is heated with or without 
a catalyst, self-esterification proceeds. The nature of the product 
depends on the distance between the hydroxyl group and the carboxyl 
group. 

In the case of a-hydroxy acids (I), self-esterification usually produces 
a lactide (II) although linear esters (III) are known. Glycolic acid 
(I, It = H) on gentle heating is said to give glycolidc (II, R = H). 
The cyclic ester on heating with a trace of zinc chloride is converted to 
a linear polyester (III,R ~ H). Distillation under reduced pressure 


R 

CliR 

/ \ 

0 CO 


1 

1 1 

110— [CHRC0 2 ]„— h 

HO— CHC0 2 H 

OC 0 

III 

I 

\ / 



CHR 

n 



causes the polyester to revert to the cyclic ester. 6 Lactic acid 
(I, R = CH 3 ) gives lactide (II, R = CH 3 ) at 150°,' but under other 

5 Ruggli, Ann.., 392 , !)2 (1912). 

8 Bisehoff and Walden, Ber., 26 , 2G2 (1S93) ; Ann., 279 , 45 (1S94). 

7 Bi seh off and Walden, Ann., 279 , 71 (1894). 
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conditions Dictzcl and Krug 8 have obtained a linear polylactic acid. 
Lactide heated at 250-275° for two hours is converted into a linear 
polymer with a molecular weight of about 3000. 9 If a catalyst such as 
potassium carbonate is present this transformation occurs at about 
140-150° 

0-Hydroxy acids usually lose water to give «,0-unsatu rated acids so 
readily that self-esterification docs not occur. If, however, substitution 
prevents dehydration, heat converts 0-hydroxy acids to linear polymers 1 
thus hydroxvpivalic acid (IV) gives a product (V) with a molecular 
weight of about U00 (?i = about 6), 10 but considerable decomposition of 
the monomer into formaldehyde and isobutyric acid accompanies this 
reaction. 

CH a CHs 

I i 

H0CII 2 -C--C0 2 H -» HO- [CII 2 -C— CO £ ] ft -H 

I I 

ch 3 ch 3 

iv v 

y-Hydroxy acids, such as y-hydroxybuiyric acid (VI), readily give 
the y-lactoncs which arc very stable. y-Butyrolactone (VII) has been 

H0(CH 2 )aC0 2 H CH 2 CH 2 CH 2 CO 



vn 


heated to 80° with and without catalysts for as long as twelve months 
without the formation of a detectable amount of polymer. 9 

5-Hydroxy acids also readily give 6-lactones, but these six-membered 
lactones often change spontaneously into the linear polyesters. Fichter 
and Beiss wenger 11 observed that 6-valerolactone (VIII) gradually 
becomes thicker and more viscous on standing and finally yields a solid 
polymer (IX) with about seven recurring units. It seems probable that 

CH 2 C1I 2 CH 2 CH 2 C0 H0[CH2CH 2 CH 2 CH 2 C02]7H 



VIII 


some trace of water or acid is necessary for this reaction to take place. 
Carothcrs, Dorough, and Van Natta 9 found that the molecular weight 
of the polymer varied with the method of preparation and obtained 

8 Dietzel and Kmg, Her., 58, 1307 (1925). 

9 C'arothers, Dorough, and Van Natta, J. Am. Chem. Hoc., 64, 761 (1932). 

« Blaise and Mardlly, Hull. hoc. chim., [3] 31, 308 (1904). 

11 Fichter and Beisswenger, Her.. 36, 1200 (1903). 
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values from 1060 to 2240 (10 to 22 monomer units). Hollo 12 found that 
substitution on the a-carbon atom decreases the ease of hydrolysis of 
5 -lactones and also the case with which they polymerize. 

When the hydroxyl is in the epsilon position, lactone formation is 
not the usual behavior of a straight-chain hydroxy acid, but substitution 
in the carbon chain may have a favorable influence on ring formation 
and promote lactonization. Thus, 6-hydroxyoctanoic acid (X) 13 and 3,7- 


CH s CH 2 CH(CH 2 ) 4 C0 2 H 

I 

OH 

x 

H0(CH 2 ) 5 C0 2 H 

xii 


CH 3 CHCH(CH 2 ) 2 CHCH 2 C0 2 H 

I I I 

h 3 c oh ch 3 

XI 

H0[(CH 2 ) 6 C0 2 ]JI 

XIII 


dimethy 1-G-hy dr oxy o ctan oi c acid (XI) 14 give lactones witen heated. 
6-Hydroxy caproic acid (XII) gives a lactone at 150-210° 15 but tends to 
polymerize at 150° to give a linear ester containing about 35 monomeric 
units (XIII). Once the linear ester is produced there is very little 
tendency for it to depolymerize to give the cyclic monomeric lactone, 
although a fourteen-membered dilactone (XIV) is produced in small 
amounts. 

(CH 2 ) 6 — CO 

I I 

0 0 

1 I 

CO (CII 2 ) 5 

xiv 


When the hydroxyl is farther from the carboxyl than the 6-position, 
only linear products are obtained on heating the acid. Chuit and 
Hausser 16 have prepared the series of hydroxy acids (XV) with n having 
values of 7 to 20 and converted them to the corresponding linear poly- 
esters (XVI). 

H0(CH 2 ) b C 0 2 H H0[(CH 2 ) rt C0 2 JxH 
xv xvi 

Sabinic acid (12-hydroxydodecanoic acid) and juniperic acid (16- 
hydroxyhexadeeanoie acid) have been isolated from conifers, and it has 
been suggested that they exist as linear polyesters in the natural state. 17 

11 Hollo, Ber., 61, 895 (1928). 

11 Blaise and Koehler, Compt. rend., 148, 1772 (1909). 

u Baeyer and Seuffert, Ber,, 32, 3619 (1899). 

15 Van Natta, Hill, and Carothers, J. Am. Che?n. Soc., 56, 455 (1934) ; 58, 183 (1936). 

15 Chuit and Hausser, Hefv. Chim. Ada , 12, 463 (1929). 

17 Bougault and Bourdicr, Compt. . rend., 147, 1311 (1908); J. pkarm. chim., [6] 29, 561 
W); [6] 30, 10 ( 19 Q 9 ); Bougault, ibid., [7] 1, 425 (1910); [7] 3, 101 (1911); Compt. rend., 

874 (1910); Bougault and Cattelain, ibid., 186, 1746 (1928). 
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Lycan and Adams 18 prepared a series of hydroxy acids of type XV in 
which n was S, 9, 10, 11, and 12. 10-Hydroxydecanoic acid polymerized 
with heat to give a polymer (XVI) of a molecular weight of approxi- 
mately 9000. Self-cstcrification of the hydroxy acid by heating a benzene 
solution containing a little p-tolnenesulfonic acid gave a polymer having 
a lower molecular weight (about 2500) . These polyesters were shown to 
contain hydroxyl and carboxyl end groups. They gave sharp x-ray 
'diffraction patterns. 

Large lactone rings can be prepared by self-esterification of the 
hydroxy acids under conditions of high dilution. Ruggli 5 first suggested 
that a reaction which normally led to polymeric products could be made 
to yield a cyclic product if the distance between the different molecules 
were made greater than the distance between the two ends of one mole- 
cule. Tins dilution effect cuts down intermolecular reaction. By adopt- 
ing this technique, high yields of such lactones as those of co-hydroxy- 
pen tade can oic acid have been obtained. 19 Once these large cyclic 
lactones arc obtained, they show little tendency to rearrange to the 
linear polymers unless heated with catalysts. 9, 27 

Ruzieka and Stoll 20 have prepared the simple lactones (XVIII) con- 
taining fourteen to eighteen members in the ring by oxidation of the 
corresponding cyclic ketones (XVII) with Caro’s acid. This reaction 

/CO 

(CH 2 ) n CO (CII 2 )n\ | 

X 0 

XVII XVIII 

evidently does not involve converting the cyclic ketone to a linear 
intermediate. 

In general the linear polyesters which have been prepared from 
hydroxy acids are white powders, soluble in many hot organic solvents. 
Their molecular weight varies, but it never approaches the values 
observed for the higher polystyrenes. The reasons for the compara- 
tively low molecular weight of the product may be found in the relation 
hetween the nature of the polymerization and the experimental con- 
ditions employed. 21 The macromolecule may be built up through suc- 
cessive couplings resulting finally in long chains. The reaction is reversi- 
ble, however, and a large number of factors are involved. The equi- 
librium may be displaced by the removal of the water as it is formed in 

Lycan and Adams, J . Am. Chem. Soc. t 51, 625, 3450 (1929). 

19 Stoll and RouWj, Helv. Chim. Ada, 17, 1283 (1934) ; Stoll, Rouv6, and Stoll-Com 
ibul, 17, 1289 (1934). 

i0 Ruzieka and Stoll, 11, 1159 (1928). 

s ‘ Carothers and Hill, J. Am. Chcm. Hoc., 54, 1559 (1932). 
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the reaction; this would tend to direct the reaction to completion. 
Formal completion of the process would obtain when all the small 
molecules were combined into a single molecule. Ester interchange 
may also be effective in producing large molecules. This has been 
demonstrated in the transformation of di- (/3-hydroxyethyl) succinate 
into a linear polyester under the influence of heat. 

Factors which may influence the upper limit of molecular size are 
the possibility of ring formation and accidental mutilation of the terminal 
groups. Experimental evidence seems to show that ring formation 
does not occur to a significant extent except under certain well-defined 
conditions, although in certain cases dimeric products of a cyclic nature 
have been observed. 5, 22 The mutilation of end groups, as for example 
loss of carbon dioxide from a carboxyl group, does not occur except 
under extreme thermal conditions, and even then coupling might still 
proceed through a process of ester interchange. In many cases small 
traces of impurities in the acids may be the chief cause of stopping the 
reaction. 

The failure of the reaction to proceed to the formation of very large 
molecules is ascribed by Carothers and Hill 21 to a combination of cir- 
cumstances. The concentration of reactive groups becomes necessarily 
very low as the reaction proceeds, and the viscosity of the esters increases 
continuously. This operates to decrease the mobility of the molecules 
and decreases also the rate of diffusion of volatile products, such as 
water, to the surface. Also, macromolecules in general show a pro- 
nounced tendency to retain dissolved or adsorbed liquids. This may 
be due to their exaggerated molecular cohesions. 28 It, therefore, would 
be reasonable to expect that a more effective means of removing volatile 
products would lead to higher-molecular-weight products than those 
hitherto observed. The use of a molecular still 24 has partially fulfilled 
these conditions, and superpolyesters have been obtained. 21 ' 22 The 
same results have been achieved in a lesser degree by prolonged heating 
of the lower polyesters in thin layers in a nitrogen stream, or by bubbling 
nitrogen through the molten esters. 

The linear polyesters of low molecular weight (usually in the neigh- 
borhood of 3000) are microcrystallinc powders which dissolve readily 
in chloroform to yield mobile solutions, and have already been de- 
scribed. The superpolyesters (those of molecular weight 12,000-25,000) 
are harder and much tougher when prepared in a massive state. In 
cold chloroform they dissolve very slowly with a pronounced swelling, 

" Carothers and Van Natta, ibul., 55, 4714 (1933). 

“ 3 I)unkel, Z. physik . Chan., A138, 42 (1928). 

Carothers and Hill, J. Am. Cficm . Soc-, 54, 1557 (1932). 
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and their solutions are quite viscous. Their structure is undoubtedly 
that of a long polymeric chain. 

The polyesters from co-hydroxydeeanoic acid, HO(CH 2 ) 9 COOH } 
have been examined carefully. 22 Molecular weights have been observed 
varying from 780 to 25,200 depending on the conditions of polymeri- 
zation, the higher values resulting from the most drastic treatment. 
The melting points varied from 66-67° to 75-80°. The molecular 
weights were obtained by titration with standard alcoholic potash of 
the potyesters dissolved in a chloroform-alcohol mixture. Phcnol- 
phthalein was used as the indicator. The lower values were checked by 
a boiling-point method and the highest by the use of the ultracentrifuge. 
The masses resulting from crystallization of the molten polyesters were 
opaque solids. The lower members were waxy and brittle; the higher 
members were harder and so horny and tough that they could scarcely 
be fractured. 

The polyesters of molecular weight less than 10,000 dissolved 
rapidly and completely in cold chloroform or benzene and in hot 
acetone, ethyl acetate, and acetic acid. They were practically insoluble 
in hot alcohol, ligroin, or water. The highest members showed a 
diminished solubility. At about 110° the first member of the series 
was a highly viscous liquid while the highest member was a transparent 
resin. 

The properties of these esters with regard to fiber formation have 
been examined. 22, 25 It was found that by melting or dissolving in 
chloroform they could be spun into fibers. The filaments were opaque 
and fragile, but under the influence of a longitudinal stress they under- 
went elongation and then remained permanently extended. This process 
was accompanied by a loss of opacity and an increase in tensile strength 
and pliability. Examination by x-rays showed the presence of fiber 
orientation. The strongest and most highly oriented fibers were 
obtained in the case of co-hydroxydecanoic acid from the esters of 
approximate molecular weight 17,000-20,000. These were the first 
examples of synthetic material in the form of fibers which possessed any 
considerable degree of strength, orientation, and pliability. 

It has thus been found possible to produce long, straight-chain 
polyesters of varying molecular weight, in which the recurring unit is 
of the type — 0 — (CH 2 )* — CO — . Those acids which may form five- 
membered cyclic esters (n = 3) do not form linear polymers, but always 
assume a cyclic form. Those acids capable of forming six-membered 
cyclic esters show a very curious property, i.e., the ability to polymerize 
and depolymorize in a rather smooth, reversible fashion. This P^ e 

25 Carotherg and Hill, ibid., 54, 1579 (1932). 
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nomenon is connected with the ease of hydrolysis of the ester and, like 
hydrolysis, is hindered by ^-substituents. This process probably takes 
place through an ester-interchange mechanism although small amounts 
of the free hydroxy acids may be involved. Both forward and reverse 
reactions are catalyzed by acids and bases, typical ester-interchange 
catalysts. The reasons for this behavior probably lie in stereochemical 
factors: rings of six atoms are strained slightly (or may pass through 
positions of strain), and this strain can be relieved by the formation of a 
linear molecule through ester interchange. The depolymerization is 
possible by reason of the high probability of the close approach of atoms 
in every sixth position in a chain. 9 These concepts are based on the 
Sachse-Mohr theory of ring structures. 26 It is worth noting that the 
reversible polymerization of six-membered rings does not occur in the 
lactam series. 

Jn some cases the linear polyesters derived from the higher hydroxy 
acids may be depolymerized by the action of heat and an ester-inter- 
change catalyst to many-membered cyclic monomers and dimers; the 
reverse process may also be carried out in some instances. 27, 28 This 
depolymerization has been investigated for a number of polyesters of 
tins class, and it has been found that depolymerizations of linear poly- 
esters from acids such as 10-hydroxydecanoio acid (XIX), 13-hydroxy- 
tridecanoic acid (XXI), and 1 4-hydroxy tetradecanoic acid (XXII) 
yield both monomers (XX) and dimers (XXIII). These depoly meri- 


HO(CH 2 ) 9 COOH 

xix 

HO(CH 2 )i 2 COOII 

xxi 


IIO(CH 2 )i 3 COOH 

xxii 


CH 2 (CHo) rv CO 

1 o 1 

xx 


CH 2 — (CH*)n— CO 

q Q *-8,11,12 

i i 

OC (CH 2 )„ — ch 2 

xxiii 


zations are accomplished by heating the polyester with catalysts such 
as magnesium chloride or stannous chloride to a temperature of 270° 
under 1 mm. pressure. The yields of monomer arc rather high and 
constitute another synthetic method for the production of macrocyclic 
lactones. It is interesting to note that the ratio of monomer to dimer in 

16 Sachse, Bn., 23, 1303 (1890); Z. physik. Chew., 10, 203 (1892); Mohr, J. puikt, 
Chi ' w -’ 12] 98, 315 (191S) ; [2] 103, 310 (1922). 

7 Hill and Carol hers, J. Am. Chew. Sec., 55, 5031 (1933). 

8 Spanagel and Carothcrs, ibid., 58, 054 (1930). 
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case XXII was 15 to 1 while for compound XIX the same ratio was 
0.17 to 1. 

This curious effect illustrates the greater case of ring formation in 
the case of large rings as compared with those of intermediate size. 29 
It may be that the effect of hydrogen blocking proposed as an addendum 
to the Sachse-Mohr theory 26 by Stoll and Stoll-Comte 30 is still partially 
active in the small ring. 

Polyesters from Polybasic Acids and Polyhydric Alcohols. These, 

polyesters are usually referred to as alkyd resins. When both the acid 
and alcohol are bifunctional, a linear polyester is produced. Higher 
functionality in either the alcohol or acid leads to the formation of 
three-dimensional polymers. These are referred to industrially as heat- 
non-convcrtiblc and heat-convertible types, respectively. 

Linear Polyesters. The simplest dibasic acid is carbonic acid, and 
a number of polymeric carbonates have been prepared. 27, 31 The 
simplest of the glycol esters, ethylene carbonate, is well known, and 
exists as a monomeric five-membered ring (I). 32 The higher carbon- 

/O— CH 2 0 

0=C< | || 

x O— CH 2 HO(CH 2 )„— [OCO(CIIa)J«— Oil 

I II 

ates may be prepared by an ester interchange between the glycol and 
ethyl or butyl carbonate, a reaction which proceeds smoothly in the 
presence of a catalyst such as metallic sodium. Glycols of the type 
HO(CH 2 ) n OH have been employed in which n ranged from 3 to 14 and 
also where n = 18. The method of preparation indicated a structure 
shown in II in which the chain was probably open and the terminal 
groups were either hydroxyls (from the glycol) or carbethoxy (as from 
ethyl carbonate). Trimcthyiene carbonate is of particular interest. It 
may exist either as a monomeric six-mem bered ring or as a linear poly- 
ester in which x is 38-45. Interconversion of the forms was fount! to 
proceed readily under the influence of heat and catalysts. This peculiar 
behavior of six-membered rings has been noted previously. Ihese 
straight-chain polyesters were powders, with the exception of hexa- 
methylene carbonate, which was obtained in the form of tough, clastic 
flakes. They were soluble in chloroform, but insoluble in water and 
alcohol. X-ray diffraction patterns showed definite evidences of crystal- 

29 Carothers and Hill, ibid., 65, 5043 (1933). 

39 Stoll and Stoll-Comte, Helv. Chim. Acta, 13, 1185 (1930). 

31 Carothers and Van Natta, J. Am. Chem. Sue., 62, 314 (1930). 

32 Vorlander. Ann., 280, 180 (1894). 
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Unity in all cases. An attempt was made to force depolymerization of 
these linear esters, and it was found that, under the influence of heat 
(temperatures between 200-300°) and an ester-interchange catalyst 
such as sodium, both polymerization and its reverse could be effected. 
A number of monomeric and dimeric cyclic esters were obtained. 
Monomers containing rings of seven to twelve atoms were especially 
difficult to obtain, a fact which is in keeping with the Saclise-Mohr 
theory 26 in its modified form. 29, 30 

A number of oxalic acid glycol asters have been prepared and studied 
by Carothers, Arvin, and Dorough. 83 Ethylene oxalate (III) was 


HO(CH 2 ) j ,[OCOCOO(CH 2 ) r ] s OH 

iv 


prepared from ethyl oxalate and ethylene glycol, and was found to 
exist in several forms. The six-membered cyclic monomer (III) was 
obtained from distillation of the polymer (IV, n = 2) in vacuo . The 
monomer is macrocrystalline and may be hydrolyzed very readily. It 
is partially transformed on standing into a powdery, microcrystalline 
polymer (IV, n = 2) . The change is accelerated by moderate heat and 
catalyzed by acids and alkalies. The polymer hydrolyzes easily. It was 
obtained in two different forms, one melting at 159° and the other at 
172°; the lower-melting material is more soluble than the other variety 
and has a molecular weight of about 2400. The other is probably a 
higher form. Samples of intermediate melting points seem to be 
mixtures of these forms. The polymers show some tendency to depoly- 
merize spontaneously. 

Other oxalates prepared were the propylene, trimethylene, hexa- 
methylene, and deea methylene esters. The propylene ester was found to 
exist both as a monomer and a linear polymer which were interconvert- 
ible by heat. Polymerization was less rapid than in the case of ethylene 
oxalate. The three others were polymeric forms which resembled the 
linear polyesters previously obtained. These white powders were sub- 
jected to depolymerization conditions and monomers of the higher 
esters were obtained, 27 while a dimer of trimethylene oxalate was found. 33 

Other esters of this general nature have been prepared, 34 including 

33 Carothers, Arvin, and Dorough, J. Am. Chem. Soc., 52, 3292 (1930). 

21 Carothers and Arvin, ibid., 51, 2560 (1929). 
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ethylene malonate, ethylene succinate, trimethylene succinate, ethylene 
adipate, trimethylene adipate, hexamethylene succinate, hexamethyl- 
ene adipate, ethylene sebacate, trimethylene scbacate, decamethylene 
succinate, hexamethylene sebacate, decamethylene adipate, decamethyj. 
ene sebacate, ethylene maleate, ethylene fumarate, ethylene phthalate, 
trimethylene phthalate, hexamethylene phthalate, and decamethylene 
phthalate. These esters probably exist in the polymeric form as long 
chains. All of them of the type V are mierocrystalline solids with the 


— 0(CH 2 )*0C0(CH2) w C0 — 
v 

exception of ethylene malonate. The melting points are not very sharp 
and arc dependent somewhat on the rate of heating. Molecular weights 
vary from 2300 to 5000. All the esters are quite viscous when molten. 
The phthalate esters are resinlike, and were not obtained in a crystalline 
form. All the esters are non-volatile, and arc insoluble or nearly so in 
water, alcohol, petroleum ether, and ether. They are all somewhat 
hygroscopic. These higher esters may be de polymerized by heating at 
270° under 1 mm. pressure for several hours in the presence of a catalyst 
such as stannous chloride or magnesium chloride to yield cyclic mono- 
mers or dimers. 38 This reaction affords a good method for preparing 
these. 

Ethylene succinate, one of the simpler esters, was investigated with 
the view of determining the structure. 36 This polyester was prepared 
by heating a mixture of the acid and the glycol and finally removing the 
excess glycol by distillation in vacuo. The neutral ester, of molecular 
weight about 3000, was shown to be a linear structure with glycol 
hydroxyls acting as terminal groups. These hydroxyls were not estcr- 
ified by acetic anhydride, but succinic and p-bromobenzoic anhydrides 
provided the expected products when the reaction was carried out at an 
elevated temperature. The products had compositions agreeing with 
formulas VI and VII. 

HOOC(CH 2 ) 2 CO— [0(CH 2 ) 2 00G(CH 2 ) 2 C0] 2 3— OH 

VI 

p-BrCJECO— [0(CH 2 )20OC(CHo) 2 C0] 22 -O(CII 2 ) 2 00CC6ll4Br-'P 

VII 

It was found that polymerization could proceed by a process of ester 
interchange, since di-(j3-hydroxyethyl) succinate was transformed into 

34 Spanafsel and Caro there, ihvi., 57, 929 (1935}. 

36 Carothera and Dorough, ibid., 52, 711 (1930}. 
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the neutral polymer on heating. A number of these di-(/?-hydroxy ethyl) 
esters have been prepared by Shorland 37 by heating an excess of ethylene 
glycol with the acids at 100°. On warming to 160° they polymerize 
slowly, and on heating to 260° they are converted to the polyesters 
previously observed. This indicates that large molecules may be built 
up through an ester-interchange reaction. A dimeric product was also 
found by Carothers et aU 6 to exist as a many-membered ring. This was 
obtained in small amounts as one of the products of thermal decomposi- 
tion of the linear polyesters. It was also found possible to obtain super- 
polyesters from the lower polymers. These high-molecular-weight poly- 
mers exhibited the property of forming fibers that changed from opaque, 
brittle filaments to transparent, oriented, tough fibers on being subjected 
to cold drawing. This property does not appear until the molecular 
weight reaches about 9000. For a useful degree of strength and pliability 
a molecular weight of about 12,000 and a molecular length of not less 
than 1000 A seem requisite. 25 

The acidic polymeric ethylene succinates were also prepared. Heat- 
ing the glycol with an excess of the acid produced linear esters in which 
the degree of polymerization varied from 6 to 23. These esters were 
acidic in reaction, and w r cre of the general form VIII in which succinic 


HOOC — (CH 2 ) 2 CO— [0(CH 2 )200C(CH 2 )2C0]x — OH 

VIII 

acid residues occupy the end groups. It should be emphasized that 
high-molecular-weight polyesters can be obtained only by use of pure 
glycols and pure dibasic acids in exactly equimolecular amounts. It 
was the realization of the importance of these two factors by Carothers 
that enabled him to set up conditions which would produce useful 
polyesters. 

The general properties of these linear polyesters may be summar- 
ized briefly. They are generally microcrystalline powders of varying 
molecular weight. Adoption of a stringent reaction environment results 
in the formation of superpolyesters of molecular weights up to about 
25,000. Certain molecular ranges provide polymers which exhibit the 
phenomenon of cold-drawing. All the polyesters are quite viscous in 
the molten state. Volatility decreases with increase in molecular size 
partly owing to the increase in intermolecular forces. In general, com- 
pounds with molecular cohesions above 75,000 calories cannot be dis- 


Shorland, ibid., 57, 115 (1935). 
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tilled, and molecular cohesions of the polyesters, which have been 
calculated as 250,000 to 300, 000 calories 38 from the data of Meyer, 39 are 
far above this value. 

Depolymerization can be effected very easily if the monomeric unit 
ester is a six-membered ring, but under more stringent conditions the 
polymers of the general type (IX) are subjected to an estcr-intcrchangc 
reaction and obtained as monomers (X) or dimers (XI). The carbon- 
ates and oxalates undergo this change more readily than the higher 
acid esters. 

HO — (CH 2 )* — [OOC(CH 2 )i,COO — (CH 2 )dft — OH 

IX 


OC— O 


/ 

(CH 2 )„ 


\ 

(CH 2 ), 


OC— O 


x 


OC— O— (CH 2 ) X — O— CO 

I i 

(CH,) tf (CH 2 ) v 


OC— 0— (CH 2 ) 0— CO 

XI 


Three-Dimensional Polyesters. If one of the molecular species 
employed in the esterification reaction contains more than two func- 
tional groups, a new type of polymer results, and the properties of these 
polymers are totally different from the previously encountered linear 
polymeric esters prepared from dibasic acids and dihydric alcohols. 
As representative of the difference between the two types of polymers, 
the reaction products of phthalic anhydride with ethylene glycol and 
glycerol serve admirably for illustration. The reaction of phthalic 
anhydride with ethylene glycol has been studied by Kienle and Hovey. 40 
The reaction is a simple esterification which under the usual conditions 
goes very rapidly at the start. The number of reactive groups grows 
lower near the end of the reaction. The acidity decreases and the moiec- 


Temperature, 

°C. 

190 

220 

230 

250 


Time at Which Esterifica- 
tion - 95 Per Cent, 
minutes 
1000 
220 
145 
55 


ular weight and viscosity rise. The dependence on temperature is 
shown in the table. The polymer is unable to undergo cross-linking, 

38 Carothers and Arvin, ibid,, 51 , 2560 (1929). 

38 Meyer, Z. angew. Chem ,, 41 , 943 (1928). 

Kienle and Hovey, J, Am. Chem. Soc., 52 , 3636 (1930). 
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and the final product is similar to XII. The end groups may be car- 
boxyls or hydroxyls. The properties change slowly and continuously 
with increasing molecular size. 


l^jlcOOCH 2 CII 2 OOC[ 



When glycerol is substituted for ethylene glycol, a new feature is 
introduced. This reaction has been studied by Kienle and co-workers, 
who have also investigated the reaction between glycerol and other 
dibasic acids such as succinic, adipic, and sebacic. 41 ’ 42 Temperatures 
in the neighborhood of 200° were employed. The reaction between 
phthalic anhydride and glycerol was strongly exothermic at the begin- 
ning and was about one-half completed at the end of one minute. This 
probably was the stage where the anhydride was used up and thereafter 
esterification involved reaction of a carboxyl group and a hydroxyl 
group. When the esterification was about 75-79 per cent complete, 
gelation occurred. These steps have been interpreted by Honel 43 and 
by Schlenker. 44 The first-stage esterification reaction occurs with the 
a-hydroxyl groups of the glycerol, and the polyesters formed retain a 
linear structure. This is in agreement with the evidence that the 




XIII 


^-hydroxyl groups of glycerol arc more reactive than the hydroxyl. 45 
Continuation of the reaction, however, necessitates the entry of the 
P-hydroxyl groups into ester linkages. When this occurs a three- 
dimensional molecule results as a consequence of cross-linking: 

41 Kienle and Hovey, ibid., 51 , 509 (1929). 

* Kienle, van der Meulen, and Fetke, ibid., 61 , 2258, 2268 (1939) ; Kienle and Petke, 
*2, 1053 (1940) ; 63, 481 (1941). 

43 H&uel, Kunststoffe, 21 , 76, 105, 132 (1931). 

44 Schlenker, Allgem. Ocl- a. FeU-Ztg., 29 , 658 (1932). 

46 Fairbourne and Cowdrey, J. Chetn, Soc., 129 (1929). 
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O coo— 

COOCHiCHCHjOOC 1 ^^ OOC^^N 

| OCOCHjCH — CHsOOCk^^J 

ooc^N 

0° c kJ ooc^\ 

CHs OOCL^J CHaO — 


O COO — CH COO- 

COO CH 2 OOCf 

1 k,. 


CHa 


COO— CH 

I 


CH— OOCrs^N CIIjO— 


CHaOOCr^^ 

-OOC^J 


The formation of these high-molecular-weight three-dimensional mole- 
cules is responsible for the gelation of the polymer and gives it the 
quality of heat-convertibility. These macromolecules are both infusible 
and insoluble, and the degree to which the resin possesses these proper- 
ties is related to the number of these high-molecular-weight molecules 
which are present. An excess of phthalic anhydride over glycerol should 
be effective in producing a greater degree of cross-linking, and such an 
effect has been found . 46 

The properties of these polymers may be modified by the introduc- 
tion of a monobasic acid. If an excess of phthalic anhydride is avoided, 
the addition of a monobasic acid followed by heating to complete 
esterification will result in a molecule of the type (XV) which is an 


0 

COOCHijCHCHzOOCr^^j] 
OCOR OOcL^J 

| I I 

f 5’^COOCH 2 CHCH ! OOC[<* :!! N CH 2 

'COO— CHOCOR 




ch 2 0- 


46 Sugirnoto, Repts. Imp . Ind. Research Insl Osaka, Japan, 14, (13) 11 (19 33 )- 
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approximation of a linear molecule. In practice, ester-interchange 
reactions compete with straight esterification, and gelation due to cross- 
linking usually stops further reactions. 

Many modifications of this reaction exist. For example, if an 
unsaturated long-chain acid is used as the monobasic acid, the resultant 
polymer may undergo a further degree of polymerization through a 
“drying” mechanism similar to that observed in the drying oils. In- 
corporation of other polymers or plasticizers is frequently necessary to 
produce commercial products of the required nature. 

The use of many other acids and alcohols has been proposed. Many 
of these are noted by Ellis. 47 For example, pentaerythritol and the 
sugar alcohols, sorbitol and mannitol, have been employed with phthalic 
anhydride or other acids to produce plastics. Wide variations are 
possible, depending on the commercial use for which the polymer is 
designed. Garvey, Alexander, Kiing, and Henderson 48 have made some 
rubberlike mixed polymers by vulcanizing polyethylene tartrate by 
cross-esterification of its hydroxyl groups with a little succinic acid. 


Polyamides 

The polymeric amides may be divided into two classes in the 
same fashion as the polyesters. In one of these classes may be 
placed those amides derived from amino acids; the second group will 
comprise those polymers formed from two or more molecular species, 
as polybasic acids and poly functional amines. Their properties and 
structures are in general related to the esters which have already been 
discussed. Their importance, however, lies in their relation to the 
most important of the great groups of naturally occurring macromole- 
cules, the proteins. The chemical properties of the amide linkage, upon 
which the structure of the proteins is based, are exemplified by the 
behavior of the simple polymeric amides. The problem of protein 
structure, however, is more difficult than would be suggested by elemen- 
tary studies of these compounds. Polypeptides have often been pre- 
pared in the laboratory, but no protein has ever beeB synthesized. It 
1ms been generally accepted that proteins are macromolecules made up 
of more or less complex amino acids bound together through amide 
linkages. As such, they may be regarded as macromolecules derived 
from a mixture of amino acids through a process of condensation copoly- 
merization, 

41 Ellis, “The Chemistry of Synthetic Resins.” Vol. II, Ileinhold Publishing Corp., 
New York (1935). 

Garvey, Alexander, Kiing, and Henderson, Ind. Eng. Chcm., 33, 1060 (1041). 
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Polyamides from Amino Acids. Like the hydroxy acids, the amino 
acids undergo various reactions with themselves, depending on the 
relations between the functional groups. 

The a-amino acids (I) have received much attention because of their 
relation to the proteins. The free a-amino acids arc quite stable at room 
temperature, but their esters (II) readily go over to the cyclic analogs 
of the lactides, which are called diketopiperazines (III). This reaction 
was observed for the glycine ester (II, R =* H) by Curtius in 1883. 49 

CHR 

R / \ 

, NH CO 

NH 2 CHC0 2 C 2 H 6 | | 

n CO NH 

\ / 

CHR 

in 

Once this six-membered ring is formed, there seems to be no tendency 
for the ring to open and a chain polymer to form as is (he case with 
lactides (p. 707). 

Under certain conditions the a-amino esters do react to produce 
linear polyamides (IV). Curtius 80 reported that a tetramer of glycine 

NH 2 CHC0[XHCHC0]JS t HCHC0 2 C 2 H 5 

i i i 

R R R 

IV 

(IV, R = H ; x = 2) was formed along with the diketopiperazine when 
the glycine ester was allowed to stand in the presence of a little moisture. 
In dry ether the polymer is formed in greater yields. By heating the 
tetramer he obtained a product which was described as the anhydride of 
the octamer (V) which was hydrolyzed by hydrochloric acid to the 
hydrochloride of the open-chain polyamide (VI), 

— 0'HCH 2 CO](t— — v C1 NH»CHjCO[XHCHjCO]tOH 
v VI 

Fischer 51 heated the methyl ester of diglycylglycine (VII) at 100 
for a half hour and obtained the methyl ester of pcntaglycylglycme 
(VIII) along with higher polymers. Surprisingly enough he was unable 

NH 2 CH 2 COXHCH 2 COXHCH 2 C0 2 CH 3 NH 2 CH 2 CO[NHCH 2 CO]bOCH 3 
VII VIII 

15 Curtius, Ber ., 16, 753 (1883). 

60 Curtius, Ber., 37, 1284 (1904). 
n Fischer, Ber., 39, 453 (1900). 


R 

NH 3 CHC0 2 - 

I 
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to cause a similar reaction to occur when the tetraglycine ester was 
heated to 100°. 52 

Frankel and Katchalski 53 have prepared from the ethyl ester of 
glycine a number of higher polypeptides which are hornlike and water- 
insoluble. The degree of polymerization had to be estimated by analyti- 
cal methods since the products were somewhat intractable. This poly- 
amide had from twelve to twenty glycine units, depending on the 
method of polymerization. 

More recently Pacsu 54 has given a preliminary report on the produc- 
tion of higher polyglycines. By heating the ester of the hexapeptide 
(IX) to 102° he observed that molecules containing 12, 24, 48, and 96 
glycine units (X, n = 12, 24, 48, and 96) were produced. In each case 

IICNHCHaCOJeOCHa H[NHCH 2 CO] ft OCH 3 

ix x 

this corresponds to 3 X 2 71 units and represents a doubling of the molec- 
ular size at each stage. The molecular weights were followed by 
methoxyl determinations. By heating the hexamer (IX) for six days 
at 130°, the methoxyl content was reduced to 0.58 per cent, which cor- 
responds to the polyamide with 96 glycine units (X, n = 96). Starting 
with the tripeptide ester (X, n = 3), the hexamer formed first and then 
the dodecamer. No nonapeptide was produced. The products were 
colorless and amorphous and were undoubtedly mixtures. Their chem- 
ical properties showed marked resemblance to those of denatured 
proteins. 

Balbiano and Trasciatti 55 heated a mixture of glycine and glycerol to 
150-170° in a sealed tube to give a glycine polymer which was a yellow 
amorphous material. Maillard 56 studied the reaction and showed that 
polymers of varying chain length are produced. The tetramer and 
hexamer were described. He proposed that glycerol esters of glycine 
were intermediates in the polyamide formation. Maillard and also 
Meyer and Go 57 found that the main product was always the simple 
diketopiperazine. 

Many methods have been devised to synthesize polyamides from 
«-amino acids by using derivatives. These more properly belong to a 
discussion of proteins and arc not to be considered here because of lack 
of space. 

“Fischer, Ber., 39, 2893 (1900). 

’Trankd and Katehalski, Nature, 144, 330 (1939). 

^acsu, ibid., 144, 551 (1939). 

4 Balbiano and Trasciatti, Ber., 33, 2323 (1900); Balbiano, Ber., 34, 1501 P (1901); 
chim - Hal, 32, (I) 410 (1902). 

n ^ ail >ard, Ann. chirn., [9] 1, 519 (1914); [9] 2, 210 (1914). 

Heyer and Go, I I eh. Chim, Acta, 17, 1488 (1934). 
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The /3-amino acids do not form polymers on heating but lose 
ammonia. The 7- and 5-amino acids readily pass into the corresponding 
lactams, and neither the five- or six-membered lactams show a tendency 
to rearrange to polymeric amides. 

c-Amiuoeaproic acid (XI) on heating gives a mixture of cyclic lactam 
(XII) and polymer (XIII). 58 The lactam exists to the extent of 6-10 

NH 2 (CHo) 5 C0 2 H NH(CH 2 ) 5 CO H[NH(CH 2 ) b CO]„OH 
1 1 

XI XII XIII 

per cent in the equilibrium mixture. The polymer is a white wax, 
insoluble in most organic solvents except formic acid or phenol. It is 
soluble in hot forniamide, from which it separates as a microcrystalline 
powder. The molecular weigh L is in the range of 800-1200, indicating 
about 10 units in the chain (XIII, n = 10). The nature of the end 
groups is not definitely known, but presumably the amino group is 
present, since derivatives with acid chlorides and anhydrides are ob- 
tained. The polymer is alkali-insoluble. Heating this polymer in a 
molecular still at 200° for forty-eight hours gives a distillate of lactam, 
and the residual polymer becomes harder and tougher. 59 No data on 
molecular weight have been reported on this modified product. 

f-Aminohept oio acid gives a polymer 60 when heated, and this polymer 
is reported to be soluble in mineral acids and hot aniline. Extensive 
studies have shown that the higher amino acid polymers 61 have the same 
solubility as the polymer from eaminocaproic acid. They do show 
different melting points. 

Polyamides from Diamines and Dibasic Acids. Amide formation 
between dibasic acids and diamines has been reported many times in 
the older literature but the products received little attention. 62 Some 
of these substances were low-molecular-weight cyclic amides, and some 
were infusible and insoluble, indicating their polymeric nature. 

A detailed investigation of the formation of polymeric amides from 
diamines and dibasic acids was carried out by Carothcrs. 63 Substantia- 
ally equimolecular amounts of a diamine and a diearboxylic acid or an 

M Gabriel and Maass, Brr., 32, 12CG (1899) ; Carothcrs and Berchct, J ■ Awi. ttow. 
Hoc., 52, 52 SO (1930) ; U. S. patents, 2,241,321; 2,241,322; 2,241,323 (1941). 

i9 Caret here and Hill, J . Am. Cfom. Sot:., 54, 1 500 (1932). 

M Manas*, Bcr., 35, 1367 (1902) ; v. Braun, Bcr., 40, 1834 (1907). 

61 Carothcrs, U. S. patent, 2,071,253 (1937). 

“Fischer and Koch, Ann., 232, 227 (1886) ; Hofmann, Her.. 5, 247 (1872); *' rC,1 T; 
Ber., 17, 137 (1884) ; Anderlini, (in zz, chim. ital., 24, (I) 397, (1894) ; Bcr., 27R, 403, 
(1894); Fischer, Her., 46, 2504 (1913); Meyer, Ann.., 347, 17 (1906); Ituggli, Ann., 39 . 
92 (1912) ; Butler and Adams, J. Am. (them. Site., 47, 2614 (1925). 

“Carothcrs, U. H. patents, 2,130,523; 2,130,947; 2,130,948 (1938). 
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amide-forming derivative of the acid were heated under condensation 
conditions at temperatures between 180° and 300° in the presence or 
absence of a diluent,. The amides to which the greatest interest was 
attached were those in which methylene groups in chains of varying 
length separated the functional groups. The molecular weight of the 
product depended upon the conditions imposed during the reaction. 
Under prolonged heating with suitable arrangements for escape of the 
volatile products of the condensation, the molecular weight reached large 
values. No method was available for exact estimation of these values, 
but the range was very probably of the same magnitude observed for the 
polyesters obtained from glycols and dibasic acids. The size of the mole- 
cule, however, could be controlled within limits by using either of the 
reactants in slight excess. The amount used in excess determined in 
each case the extent of the reaction. Since the reaction was essentially 
stopped under these conditions, the viscosity of solutions of the polymer 
assumed a constant value that was not altered appreciably on further 
healing. Hence, the excess reactant was referred to as a “viscosity 
stabilizer” and these polymers as mscosiiy-stable-polymers. 

The reaction may be carried out in a number of fashions. One 
convenient method is to prepare the salt by combination of approxi- 
mately equal amounts of the acid and amine. If a suitable solvent is 
employed, the acid and amine may be used in solution and the salt 
obtained as a crystalline precipitate. Such a procedure is possible with 
hexamethylenediamine and adipic acid; an alcohol-water mixture may 
be employed as the solvent. These salts are relatively insoluble in 
acetone, benzene, and ether, but they arc usually soluble in water. 
Recrystallization of the salts may be effected if necessary. The simplest 
means of obtaining the polymer is to heat the salt under fusion condi- 
tions (180-300°) in the absence of oxygen. 64 

The polyamides so produced generally have high melting points and 
low solubilities. They are usually soluble in hot glacial acetic acid, 
formic acid, and phenols, but insoluble in the other common organic 
solvents. However, if side chains are present, as in the products from 
3-methylhcxamethylenediamine, /3-mcthyladipic acid, and similar com- 
pounds, the polyamides become soluble in a wider range of solvents, 
including some alcohols. This is also true of copolymcis. The po y 
amides arc also soluble in anhydrous hydrofluoric acid. Hot acids such 
as sulfuric or hydrochloric hydrolyze the amides to the component aci s 
and bases. Strong alkali will also bring about hydrolysis. The melting 
Points of these polyamides are somewhat uncertain, owing to variations 
in methods of preparation, but under the same conditions they are fairly 

H Graves, U. S. patent, 2,165,253 (1939). 
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sharp and reproducible. In general, the melting points decrease with 
increase in unit length of hydrocarbon chain and with substitution. 
Some of these melting points arc shown in the tabic. 


Polyamide From M.P., °C. 

Ethylencdiaminc; sebacic acid 254 

Tetramethylenediamine; adipic acid 278 

Tetramethylenediamine; azelaic acid 223 

Pentamethylenediamine; malonic acid 191 

Pentamcthylcncdiamine; adipic acid 223 

Peuiamethylenediamine; azelaic acid 178 

Hexamethylenediamine; adipic acid 263 

Hexamethylenediamine; sebacic acid 209 

Octamethylenediamine; sebacic acid 197 

Dccamcthylenediamine; oxalic acid 229 

Piperazine; sebacic acid 153 


Those polyamides with a molecular weight above about 7000 are 
particularly useful since they possess the unusual property of forming 
strong fibers. Filaments may be obtained from a molten mass of the 
polyamide by an extrusion method. They are also obtained from 
solutions of polyamides by extrusion into a heated chamber for solvent 
evaporation, or into a bath of some liquid miscible with the solvent 
but a non-solvent for the polymer. Phenol solutions of polyamides can 
be used with an aqueous alkaline spinning bath, and formic acid solu- 
tions can be used for the evaporation process. The filaments are then 
subjected to cold-drawing, i.e., stretching. Under the influence of this 
stress the fiber becomes oriented and takes on a high degree of strength 
along the axis of the stress. The orientation is evidenced by x-ray 
studies showing a fiber diffraction pattern. These fibers are also 
optically anisotropic: a strong birefringence with parallel extinction 
may be observed under crossed Nicol prisms. The extent of cold draw- 
ing maybe 100 per cent or higher (200-250 per cent); failure in one 
instance did not occur until an elongation of 452 per cent. The result- 
ing fibers are quite elastic and tough, and retain a high wet-strength. 
Their properties thus make them extremely attractive from the com- 
mercial point of view. Polyamides of this type are called “nylons 
and are being marketed as fibers. These polyamides are also being 
used for the manufacture of bristles. 

There is no well-developed field of polymeric amides corresponding 
to the alkyd resins. Such compounds are possible, of course, hut no 
detailed investigation of their properties has appeared. There are, 
however, a number of naturally occurring polyfunctional amino acids* 
such as lysine (I), glutamic acid (II), serine (III), and ornithine (IH 
which on complete condensation would yield branched-chain polyn^ 18 * 
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Some of these cross-linked polymers may perhaps exist in nature, but 
they are at present unimportant as synthetic polymers. 

CH 2 COOH 

I 

ch 2 

I 

H2NCHCOOII 

II 

HOCH2CHCOOH H2NCH2CH2CH2CHCOOH 

I I 

nh 2 nh 2 

III IV 

Urea-Formaldehyde Polymers 

The urea-formaldehyde resins are very important since they arc 
made from low-cost raw materials, have good thermosetting properties, 
excellent color, attractive appearance, and good life. They have 
received much scientific study, but the reaction of their formation is 
still not completely understood. Many intermediate products have 
been isolated and characterized by the investigators of this reaction , 65 
but it is not certain now that all these products are chemical individuals 
or that they are formed in the normal polymerization process. 

It is now generally believed that urea and formaldehyde react 
reversibly in the presence of acid and basic catalysts to produce met.hylol 
urea (I) and dimethylol urea (II). 

NH2CONII2 + CII2O -> NH2CONHCII2OH cii 2 oh 

1 I 

NH 

I 

CO 

I 

NH 

I 

CH 2 OH 

11 

65 Goldschmidt, Err , 29, 2438 (1890); Ilolzer, Ber., 17, 659 (1884); 18, 3302 (1885); 
Liidy, Monulsh., 10, 295 (1889) ; J. Chcm. Soc 56, 1059 (1889) ; Tollena, Ber., 29, 2751 
(1896); Kinhorn, Ann., 361, 113 (1908); Einhorn and Hamburger, Ber., 41, 24 (1908); 
Hodgins and Hovey, I ml. Eng. Chan., 30, 1021 (1938) ; 31, 673 (1939); Kadowuki, Bull, 
them. Soc. Japan, 11, 248 (1930) ; Repts. Imp. Ind. Research Inst., Osaka, Japan, 7, No. 6 
(1926); 13, No. 3, No. 6 (1932) ; 14, No. 0 (1933); 14, No. 11 (1934); 16, No. 0 (1935); 
Hemmelmayr, Monatsh., 12, 94 (1891); Dixon, J. Chcm. Soc., 238 (1918); Scheibler, 
^ostler, and Scholz, Z. angew. Chan., 41, 1305 (1928) ; van Laer, BuU. soc. chim. Belg., 
Z8 > 38 1 (1919); Staudinger, Ber., 59, 3019 (1926); Walter and Oesterreich, Kolloid-Bei- 
hefle, 34 , 115 (1931); Walter and Lutwak, ibid., 40, 158 (1934); Walter, KoUoid-Z., 57, 
"9 (1931); Walter and Gewing, Kolloid-Beihefte, 34, 163 (1931) ; Walter, Trans. Faraday 
g 32 ’ W7 (1936); de Chesno, Kolloid-Beihefte, 36, 387 (1932); Redfaru, Brit. Elastics, 
1 ^38 (1933); Ellis, U. S. patent, 2,115,550 (1938). 
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Further heating of either of these products results in polymer for- 
mation. This may occur by dehydration of the monomers to give 
methylene (III) and dimethylene urea (IV) which then polymerize by 
an addition mechanism. 


nh 2 

1 

n=ch 2 

1 

CO 

CO 

1 

n=ch 2 

1 

n=ch 2 

III 

IV 


The dime thy lene urea would be the constituent of the polymerization 
mixture which would cause cross-linking. More probably, however, the 
polymerization proceeds by a stepwise loss of water between the mole- 
cules of methylol and dimethylol urea. On this basis the dimethylol 
urea is responsible for the cross-linking. It is known that methylol 
urea liberates formaldehyde on heating, and this may combine with 
more methylol urea to give dimethylol urea. Hence the polymer 
produced from pure methylol urea as a starting material will still be 
very complex. 

No strictly accurate scheme for this polymerization reaction can 
be written, but the following may be considered a possible route from 
methylol and dimethylol urea (V) to the final cross-linked polymer (VI). 


HO-CH-NH HN-CH 2 ;oii~ iI|y-ii 

CO CO ^CO 

hn-ch 2 [o hh | n{h\ hn-ch 2 oh 

\\ 

H-N-H HN-CH z ;OH[ Ij*HCH 2 OH 

CO CO CO 

HN-CH 2 jOH HtN-CIlJOH HyNH 


-CHrNH NH-CHrN-H 

Z | , 2 | 

CO CO CO 

HN-CH r N H-NCHj- 
CII 2 

-N-H H-N NHCHr 

CO CO CO 

hn-ch 2 -n-ch 2 -nh 


V 


VI 


Another possible intermediate is a cyclic derivative (VII) which 
could react with itself to produce a polymer with the six-membered ring 
in its recurring unit (VIII). Cross-linking, which can also occur in this 


CO — NH 


HN 


/ 

\ T 

\ 


ch 2 


CHr 


/ 


COXHCHjfOH 

VII 


CO — NH 


/ 

\ 


CHr 


CII 2 

/ 

-N 

CO— NH— CH 2 . 

VIII 


-OH 
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type (IX) of intermediate, would account for trie insolubility and 
infusibility of the final polymer. Recently, it has been suggested 66 that 


CO— N— 

— n " 7 \h, 

\ / I 

ch 2 -n co-n 

I / \ 

CO— NHCHa— N CH: 

\ / 

CIH-N 


H 

N— CO 
,/ \ 
CU, N— 

CTE— NHCO— N— CH 2 


CO— N— 

I / \ 

CO— Nil C Hj— N CHa 


CHa-N 

io— Nil— Clli— 


methylene urea (III) may trimerizc through the mcthylcnc-iminc 
groups and that this trimor (X) may then react further with, formalde- 
hyde to give new methylene-imirie groups which in turn form six- 

CH 2 

/ \ 

NII 2 CO— X N— COXHs 

I I 

CHj CH 2 

\ N / 

I 

CO 


nh 2 

X 

membered rings. This picture of the reaction accounts for the high 
degree of branching and cross-linking which occurs in the resins of this 
type. 

Whatever the exact method of condensation, urea-formaldehyde 
polymers can be made which are water-soluble. Heating these produces 
a glasslike gel, and further heating gives the well-known product of 
commerce. The water-soluble resins are widely used in treating textiles. 
The powders are used as molding resins. 

Another recent variation in the formation of the final polymer is the 
Use °f the ethers of the monomcthylol (XI) or dimeihylol derivatives 

68 J. T. Thurston, “Chemistry of Melamine Resins,” Gibson Island Conference on 
wymcric Materials (1941). 
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(XII) of urea, 67 which are easily made by carrying out the condensation 
of urea and formaldehyde in the presence of an alcohol. These ethers 

NHCH2OR NHCH 2 OR 

I I 

CO CO 

I I 

NH 2 NHCHaOR 

XI XII 

undergo condensation polymerization to produce essentially the same 
polymers as the methylol derivatives themselves. 

It is of interest to note that neither symmetrical 68 nor unsymmetrical 
dialkyl ureas give polymeric materials with formaldehyde. With the 
symmetrical derivatives (XIII) a product is formed from two molecules 
of the urea and two of formaldehyde with the loss of one molecule of 

RXHCOXHR RoXCONH 2 

XIII XIV 

wafer. The unsymmetrical derivative (XIV) gives a methylene diurea 
(XV). 

R 2 XCOXHCH 2 XHCOXR 2 

XV 

Melamine-Formaldehyde Polymers 

The melamine-formaldehyde resins are similar to those derived 
from urea and formaldehyde. Melamine is 2,4 ) 6-triamino-l ) 3,5-!rmzinc 
(I) and is prepared commercially from cyanamide through the inter- 


XII 2 

1 

/ c \ 

N N 

I II 

H 2 \— C C — NH» 

\n/ 

I 

mediate formation of dicyandiamidc. 69 It may be condensed with 
formaldehyde to form melamine methylol derivatives, and these may 

57 Hodgins and Hovey, Ind. Eng. Cham., 31, 673 (1939) ; Sorenson, U. & patent, 

974 (1940). 

w Scheibler, Troatler, and Scholz, Z. angew. Cham., 41, 1305 (1928). 

M McClellan, Ind. Eng . Cham., 32, 1181 (1940). 
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be heated to form thermosetting polymers. 70 The reaction is probably 
similar to that between urea and formaldehyde. 66, 71 

These polymers have recently become commercially important 
because of their superior stability to heat and light. They are used in 
molding resins under the trade name “Beetle-Melamine” and also, 
incorporated with alkyd resins, in quick-curing enamels under the 
trade name “Melamac.” 


Phenol-Aldehyde Polymers 


The reaction between phenols and aldehydes was apparently first 
investigated by Baeyer and his students in 1872. 72 Many other workers 
have added to the knowledge of this condensation reaction in the inter- 
vening years. Around 1900, patents began to appear on these products, 
but it remained for Baekeland 73 to demonstrate the possibilities of the 
reaction from a practical point of view. The resins first used were 
made by condensing phenol and formaldehyde with either acid or 
alkaline catalysts. Alkaline catalysts bring about the condensation of 
formaldehyde in the ortho and para positions of phenol, and this reaction 
has essentially the same chances of producing a three-dimensional resin 
as the glycerol-phthalic anhydride combination. The two positions of 
the methylene radical ( — CH 2 — ) correspond to those of the anhydride, 
and the three positions in the phenol ring correspond to those in glycerol. 
A possible type of polymer is shown in I, but many variations can be 
written. That the hydroxyl groups are not concerned in this reaction is 


OH 



+ CJ1 2 0 


CH 2 



1 


70 Soc. pour I’ind. chim. & Bale, French patent, 811,804 (1937) ; British patents, 468 0/7 1 
468,746 (1937); British patents. 486,519; 486,577 (1938); Swiss patents. 197,486-91 
0938) ; Deutsche Hydrierwerke A.-G., British patent, 503,720 (1939) ; Sanderson, Point, 
Qa Ckem. Rev., 102, No. 8, 7 (1940). 

71 Bodging, Hovey, Hewett, Barrett, and Mceske, lnd. Eng. Chcm ., 33, 769 (1941). 

71 Baeyer, Ber., 5, 25, 280, 1094 (1873). ^ B ,. nnm , 

73 Baekeland, U. S. patent, 943,809 (1909) ; J. hid. Eng. Chcm., 1, 149, 545 (1909) , 3, 

5l8 > 932 (1911) ; 4, 737 (1912) ; 5, 006 (1913). 
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indicated by the fact that the low-molecular-weight resins first produced 
are alkali-soluble. 

By use of a phenol substituted in the ortho or para position, the 
possibilities for cross-linking disappear. By mixing a certain amount of 
such a substituted phenol with phenol itself, the properties of the final 
polymer can be greatly changed somewhat as glyccrol-phthalic anhy- 
dride esters can be modified by introducing a certain amount of mono- 
basic acid with the dibasic acid. A position in the ring cannot be 
blocked with a methylol group as these can leave the ring as well as 
enter it under alkaline reaction conditions. 

Acid catalysts cause a slightly different type of polymer to form. 
Even the low-molecular-weight products first obtained are alkali- 
insoluble. Thus the phenolic hydroxyl must be used up, and this may 
be the result of ether formation between neighboring phenol groups or 
acetal formation. In either of these events we have a 2-4 combination 
rather than the 2-3 combination discussed in the case of the alkaline- 
catalyzed reaction. 

The thermosetting properties of both the urca-formaldchydo and 
the phenol-formaldehyde resins are possible because the condensation 
reactions produce the methylol intermediates, — CH 2 OH. Further 
heating causes still further condensation to occur until the infusible 
state is reached. Oil-soluble phenolic resins prepared from substituted 
phenols for use in varnishes have recently been reviewed by Turkington 
and Allen. 74 

Other aldehydes and other phenols are used industrially for certain 
resins. Aromatic amines may be used in place of phenols, and the 
“Ciba” type resins result. However, they are formed by essentially 
the same sort of complex condensation reactions as have boon pictured 
above. In the case of the amines the, aldehyde also attacks the nitrogen 
atom, thus increasing the possible complexity of the final polymer.' 8 
The me<u-phenylencdiamine-formaldchyde polymer has found some use 
in the removal of anions from water. 76 

71 Turkington and Allen, Ind. Eng . Chevi., 33, 900 (1941). 

75 See Sprung, C hem. Rev., 26, 297 (1940), for a general review of the reaction of amines 
and aldehydes. 

76 Adams and Holmes, J. Hoe. Cbcm. Ind., 54, 1--GT (1935.) ; Schwartz, Edwards, and 
Boudreaux, Ind. Eng. them., 32, 1402 (1940); MyerB, Bastes, and Myers, ibid., 33, 69 ' 
(1941). 
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“Thiokols” 


Ethylene chloride and sodium polysulfide react on heating to give a 
polymeric polysulfide with properties resembling those of rubber (I). 17 

C1CII 2 CH 2 C1 + Na 2 S 4 -> — [CH 2 CH 2 S 4 ] X — 

I 

The polymeric molecule has been converted 78 to a polyethylene disulfide 
(II) which will again take up sulfur to give the rubberlike product (III). 
The polyethylene disulfide has been reduced to ethylene dimercaptan 
(IV). The structure (III) of the polymer has been demonstrated not 


— [CII 2 — CH* — S— S]„ — 
I t 11 



Reduction 


NaOBr 


— [C H j — CH 2 — S — S] n — 

111 J J 
s s 


hsch 2 ch 2 sh 

rv 


only by the degradation mentioned but also by synthesis. Ethylene 
dimcrcaptan (IV) has been oxidized to ari ethylene disulfide polymer 
which on treatment with elemental sulfur has given a product appar- 
ently identical with the polymer described above (III). 

The nature of the polymer depends on the proportions of reacting 
materials. To get the tough rubbery product, the sodium polysulfide 
must be used in excess. If ethylene chloride is in excess, the polymer 
is a viscous liquid. This second polymer is of a much lower molecular 
weight than the former. A reasonable explanation for this is apparent. 
If excess polysulfide is used the end groups are undoubtedly — SH by 
breakdown of the — S — S — Na units. Since sodium tetrasulfidc will 

l L 
s s 

oxidize an — SH group to an — S — S — group, this reaction may be 
responsible for polymer formation when an excess of polysulfide is used, 
and the molecule can continue to grow in this way as well as by the 
primary reaction. The — CH 2 CH 2 CI end group can react in only one 
^ ay to cause increased molecular weight. 

The condensation products obtained when excess sodium polysulfide 
jf Use ^ may be vulcanized, usually with zinc oxide and water. It seems 
ixely that this process is responsible for further increase in chain length 
u f ™ oxidation of terminal — SH groups and formation of more disulfide 
units. Vulcanization of rubber is thought to involve a low degree of 

7 * v? trick i U * S ’ P atent . 1,890,191 (1932). 

J Iartin and Patrick, Ind . Eng. Clicm., 28, 1144 (1930); Patrick, Trans. Faraday 
Sx - »*. 347 (1930). 
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cross-linking of the long linear molecules. It is difficult to see how 
cross-linking is involved in the vulcanization of the “thiokols.” 

The ethylene “thiokols” are probably the most important practically, 
but many others have been prepared from such products as trimethyb 
ene chloride, dichlorodiethyl ether, and propylene chloride. 

Polyacetals 

By far the most important polyacetals are the naturally occurring 
ones such as cellulose, starch, and inulin, which are discussed elsewhere 
in this book (Chapter 22). However, as considerable work has been 
done on synthetic products of this type, a few examples of them will 
be discussed. 

H. S. Hill and Hibbert 79 have investigated acetal formation when 
glycols are treated with acetylene. They found that the lower glycols 
give five-, six-, and even seven-membered rings (I). The six-membered 

/°\ 

HC=CH + HO(CH 2 )nOH CH 3 CH (CH 2 )* n - 2 , 3 , and 4 

N)/ 

i 

rings formed most readily, the five-membered rings next, and the seven- 
membered rings were most difficult to obtain. When octamethylene 
glycol and decamethylene glycol were used in the reaction, heavy, 
syrupy, odorless acetals of high and indefinite boiling points were 
obtained. These were undoubtedly linear polyacetals (II). 

— [CHO(CH 2 ) n O]* — 

i 

CII 3 

ti — 8 or 10 
II 

Hill and Carothers 80 studied the formation of acetals (V) from glycols 
(III) and dibutyl formal (IV) with an acid catalyst. The polymers 

H0(CH 2 )„0H + C 4 H 9 OCH 2 OC 4 H 9 -* — [CH 2 0(CH 2 ) B 0]— + C 4 H 9 OII 
III tv V 

obtained directly by this reaction have a molecular weight of around 
2000 . Heating in a molecular still converts them to higher polymers 
and to cyclic monomeric or dimeric acetals. The polymers obtained by 
this procedure can be oriented by cold-drawing to give filaments. 

7S II. .S, Hill and Hibbert, J. Am. Cham. Hoc., 45, 3108, 3117, 3124 (1923). 

80 Hill and Carothers, ibid., 57, 925 (1935;; Carothers, U. S. patent, 2,110,499 
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Other Condensation Polymers 

In addition to the polymer-forming reactions, which have received 
greater attention because of the practical importance of the products, 
many others have been studied academically. Many of these are of as 
much theoretical interest as the reactions already discussed. Since they 
follow the general patterns which have been discussed, however, it is 
not necessary to go into great detail here. 

The formation of anhydrides from dibasic acids was given special 
attention by Hill and Caro the rs, 81 although many polymeric products 
had been incompletely described in the older literature. The recent 
work on the anhydrides of the series C0 2 H(CH 2 ) ft C0 2 H, in which n = 
4, 5, 6, 7, 8, 9, 10, 11, 12, and 16, has shown that they arc all linear 
polymers when prepared by the action of acetic anhydride or acetyl 
chloride on the dibasic acid. The reaction of these polymers with aniline 
proved to be very useful in distinguishing them from dimeric cyclic 
products and as a means of showing that the end groups were acetyl 
(1). I he end groups give some acetanilide whereas the anhydride units 
in the chain react in a random fashion to produce dianilidc, monoanilide, 

CH,CO — [OCO(CH 2 ) ft CO] x — OCOCHi 

i 

and dibasic acid according to the laws of chance. These require that, 
for every molecule of dibasic acid in the chain, one-half molecule of 
monoanilide, one-quarler molecule of dianilidc, and one-quarter mole- 
cule of dibasic acid shall be formed. The experimental results checked 
this as well as could be expected for these large molecules. 

Polymeric anhydrides can be depolymerized to give cyclic monomers 
or dimers. In the series of polymeric anhydrides studied by Hill and 
Carothers, 81 polysuberic, polysebacic, and polydodecanoic anhydrides, 
when depolymerized by heating in a molecular still, gave dimeric anhy- 
drides having 18, 22, and 26 members in the rings. All the other poly- 
hydrides in that series gave monomeric cyclic anhydrides, but the 
ten- and twelve-membcred rings were extremely unstable and tended 
to revert to the linear polymer form except at liquid-air temperatures. 

Reactions which should produce polyamines, such as those of an 
a ^ CIle dibromidc and ammonia , 82 , 83 , 84 aliphatic dibromides and 

cc ** J ' Am • Chcjn. Soc., 52, 4110 (1930) ; Hill and Carothers. t bid., 54, 1569 (1932) ; 

55 > 5023 (1933). 

g Ilcfmann, Ber 3, 762 (1870) ; 4, GGG (1871); 23, 3297, 3711 (1890). 

84 ^ aim> J ’ Chem ‘ 6<oc -- 4C1 (1934). 

67 A,phen * R ec, trav , chim 55, 412, 669, 835 (1936) ; 56 , 343, 529, 1007 (1937) ; 

1 5 (1938) ; 58, 544, 1105 (1939) ; 59, 31 (1940). 
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diamines, 84 and a bromoalkyl alkylamine condensation, 86 have been 
studied but mast of the emphasis has been placed on the lower-molcc- 
ular-weight products which could be isolated. Polymeric quaternary 
ammonium salts have been obtained by the reaction of compounds of 
the type Br(CH 2 ) n N (R) 2 , where n = 3, 7, 8, 9, and 10. 86 These products 
were hygroscopic solids with molecular weights in the range of 1500 to 
10,000, depending on the nature of 11 and the size of n. Some cyclic 
products were obtained when n = 3 and R was greater than methyl. 

Zimmerman and Loehte 87 showed that the product of the reaction of 
diacetyl and hydrazine 88 is a linear polymer (II) with a molecular weight 
between 300 and 400. Other diketones and hydrazines gave similar 
linear polyazines. 

CH 3 CH s ch 3 ch 3 

II II 

H 2 NN=[C — C=N — N]»=C — 0=0 
ii 

Arvin 89 prepared polyether resins from phenolic bodies, polyhalides, 
and polyalcohols in an alkaline medium. 

Previously, some work had been done on the formation of polyphenyl- 
ene ethers by the oxidation of o-crcsci, 90 but the products were only 
t rimers. Also, Staudinger and Staiger 91 have used the Ullmann reaction 
to get to the hexamer stage in the polyphenylene ether scries and have 
made viscosity studies of these ethers. 

Polymeric hydrocarbons have been prepared by the action of metals 
on dihalogen compounds. The work of Riese 92 on the reaction between 
p-dibromobenzcnc and sodium was one of the earliest investigations in 
this field, but the nature of the polymeric products was not understood 
until Goldschmiedt 95 and later Jacobson 94 showed that the chief product 
of the reaction, C 4 gH 32 Br 2 , was probably a linear polymeric product 
having eight benzene nuclei (III). Jacobson also prepared a polymeric 



hi 


3S Cowan and Marvel, J. Am. Chem. .S or.., 58, 2277 (1930). 

85 Gibbs, Littmann, and Marvel, ibid., 55, 753 (1933) ; Lehman, Thompson, and 
Marvel, ibid., 55, 1977 (1933) ; Gibbs and Marvel, ibid., 56, 725 (1934) ; 57, 1137 (1935). 

87 Zimmerman and Loehte, ibid., 58, 948 (1936) ; 60, 2456 (1938). 

88 Curtius arid Thun, J. prakt. Chem., [2] 44, 175 (1891); Diels, Ber., 35, 350 (1992J! 
Diels and Pflaumer, Ber., 48, 223 (1915). 

89 Arvin, U. S. patent, 2,000,715 ; 2,060,716 (1936). 

80 Goldschmidt, Schulz, and Bernard, Ann., 478, 1 (1930). 

91 Staudinger and Staiger, Ann., 517, 07 (1935). 

94 Riese, Ann., 164, 161 (1872). 
n Goldschmiedt, Monattsh., 7, 40 (1886). 

Jacobson, J . Am. Chem. Hoc., 54, 1513 (1932). 
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brominated hydrocarbon containing approximately 31 p-xylylene resi- 
dues (IV) by the action of magnesium on p-xylylene dibromidc, 

BrCH 2 QcH 2 - CH 2 QCH 2 — CH 2 /^\cH 2 Br 
iv 29 

The action of sodium on decamcthylene bromide in ether gave a series 
of normal hydrocarbons from which C 50 IIi02, C 60 H 122 , and C 70 H 142 were 
isolated by molecular distillation. 95 The residue contained still higher 
hydrocarbons, but they could not be distilled without decomposition. 
The data of Meyer 06 and Dunkel 97 show that the molecular cohesion of 
a C70 hydrocarbon is about 71,000 calories and that of a C 80 hydrocarbon 
is about 81,000 calories. Since the heat of separation of a carbon- 
carbon bond is about 75,000 calories it would be expected that a C 80 
hydrocarbon would decompose rather than distil. 95 

These hydrocarbons of high molecular weight were also used to carry 
out a rough check on one of the controversial subjects in polymer 
studies. It had been suggested 98 that the apparent decrease in the 
molecular weight of rubber and other polymers of very high molecular 
weight when heated gently or subjected to mechanical strain was real 
and was due to a thermal instability of these molecules at temperatures 
slightly above room temperature. The decrease in thermal stability 
from methane (decomposition temperature 650-700°) 99 to ethane (550- 
600°) 100 and ethane to hexadecane (ca. 470°), 101 if followed on to higher 
members, would lead to such a result. However, a study of the thermal 
stability of triacontane, tetracontanc, pentacontane, hexacontane, and 
heptaeontane showed that the change from C30 up to C70 was so slight 
that it would be safe to say that a paraffin hydrocarbon of a molecular 
weight of even greater than 200,000 would be stable at room temperature. 

Bifunctional Grignard reagents 102 (V) have been treated with methyl 
formate to yield polymeric alcohols (VI). 

/> 

Mlg(CH 2 ) 10 MgBr + HC— OCH a -> 
v 

OH I 

I 

— (CH 2 )io— ch— J„ 
vi 

95 Car °thcT 3 , Hill, Kirby, uud Jacobson, ibid,, 52, 5279 (1930). 

Meyer, Naturwissenschaftcn, 16, 7S1 (1928). 

^Dunkel, Z. physik. Chan., A138, 42 (192S). 

## Staudinger, Her., 59, 3037 (1926). 

an 4 Wheeler, J. Chem. Hoc., 81, 512 (1902). 

, ttmiam^Gardner, Fuel, 4, 430 (1925). 

102 S ilUlt and Hcas H Ann. chim ., [10] 2 , 319 (1924). 

( arothora and Kirby, J. Am. Chan. Soc., 54, 15SS (1932). 
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The Friedel and Crafts reaction has also been used to produce polymeric 
materials. Thus, benzyl chloride reacts with traces of aluminum chloride 
to give complex soluble and insoluble products. 103 The soluble polymer 
is probably linear. The chlorine seems to be removed entirely by some 
side reaction. 



VII 


Shriner and Berger 104 have found that sulfuric acid converts benzyl 
alcohol to a mixture of at least two polymers, one of which has a com- 
position identical with the soluble linear polymeric hydrocarbon reported 
by Jacobson 103 and the other has a terminal hydroxyl group (VIII). 


C 6 Il5CHo(C6lI 4 CH 2 ) 9 C6ll4Cll20II 

VIII 

Oxidation of these polymers to yield both o-phthalic and terephthalic 
acids shows that both ortho and para positions in the benzene nucleus 
are involved in polymer formation. 

The polymeric alkyl silicon oxides are another interesting type of 
polymer. Kipping 106 first recognized that the silicanediols R2Si(0H)a 
condense intermolecularly to yield polymeric anhydrides and silicones. 
The silicanetriols, RSi(OH)a, likewise were known to condense to white, 
powdery “silieonic acids” (RSiOOH) x . lM 

Rochow and Gilliam 107 have recently found that the silicanediols 
may be made to condense with the silicanetriols to yield solid polymers, 
probably of a cross-linked siloxane structure (IX). 

— R 2 Si — 0 — RSi — 0 — RjSi — 0 — 

I 

0 

I 

— RtSi — 0— RSi — 0 — RSi — 0 — 

I 

0 

,x 1 

193 Jacobson, 54, 1513 (1932). 

1M Shriner and Berger, J. Org. Chem 6, 305 (1941). 

10 * Kipping, J . Chem. Hoc., 91, 218 (1907) ; Robison and Kipping, ibid., 93, 439 (^ ’ 
101, 2142 (1912); Martin and Kipping, ibid., 95, 302 (1909) ; Kipping, *Wd., Ml. 2100 
C1912). , 

195 Meads and Kipping, ibid., 105, 679 (1914) ; 107, 459 (1915) ; Ladenburg, Ann., 

300 (1872); 173, 143 (1874). 

197 Rochow and Gilliam, /. Am. Chem. Soc 63, 798 (1941). 
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The polymeric methyl silicon oxides (IX, R = — CH 3 ) are colorless, 
transparent, horny resins and are unique in their thermal stability, no 
perceptible change being produced by heating in air at 200° for a year. 
Hyde and DeLong 108 have also prepared silicon-containing polymers. 


ADDITION POLYMERIZATION 

Addition polymerization has no exact parallel in the reactions 
encountered in classical organic chemistry. An unsaturated molecule 
becomes activated, reacts with other unactivated molecules to produce 
long-chain compounds, and then in some way the reaction is stopped. 
Mark has aptly named these phases of the addition polymerization 
reaction initiation, propagation, and cessation. 109 This true addition 
polymerization reaction is not to be confused with the self-addition of 
one or two molecules of an unsaturated compound to produce dimers 
and t rimers. In true polymerization these small units rarely arc found 
in the reaction mixtures. Addition polymers usually range from 10,000 
to 200,000 in molecular weight. 

Strictly speaking, the addition polymers, like the condensation 
polymers, are not chemical individuals. They are mixtures of long- 
chain compounds made up of members of a polyhomologous series; that 
is, they have the same recurring unit and they are of practically the 
same order of molecular weight. The purity of the monomer is highly 
important if useful polymers are to be obtained. 

In the chain reactions which produce the polymers, side reactions 
inay occur such as branching and reaction with diluents and solvents. 
These side reactions are still little understood and will not be discussed 
in detail here. The actual mechanism of initiation, propagation, and 
cessation of these reactions can be treated more satisfactorily after a 
study of some of the facts which have been determined concerning 
various polymers. 

The various unsaturated monomeric types which polymerize by 
addition polymerization arc the olefins and their derivatives, the dienes, 
the acetylenes, the aldehydes, and certain strained cyclic monomers 
which may be called pseudounsaturated . The olefins and the dienes are 
the most important technically and have received the greatest amount 
of study. In the field of addition polymerization Staudingcr has done 
the greatest amount of work and has laid the foundation for much of 
the work which others have done. 

lB8 Hyde and DeLong, ibid., 63, 1194 (1941). 

, 105 Mark, “Physical Chemistry of High Polymeric Systems,” Interscience Publishers, 
New York (1940), p. 311. 



740 


ORGANIC CHEMISTRY 


Olefins and Their Derivatives 

A wide variety of olefins has been polymerized by addition but the 
limitations are fairly definite and can be expressed with fair certainty. 
In the general molecule, 

R \ 

)c=ch 2 

R x 


if R and R' are hydrogen or low-moiccular-weight alkyl groups, the 
substances will usually polymerize. 


RCH=CH 2 



Only when R and R' arc both methyl groups has the polymerization 
of a disubstituted ethylene been extensively studied. Apparently, 
it is impossible to polymerize a symmetrically substituted olefin 
RCH=CHR or a tri- or tetrasubstituted olefin to obtain high-molecu- 
lar-weight products. This last limitation may be due to lack of present 
knowledge rather than to some intrinsic property of these molecules. 
Some tetrasubstituted halogen derivatives of ethylene have been 
polymerized. 

If either R or R' or both are unsaturated or electron-attracting 
groups, such as phenyl, carbonyl-containing residues, — OCOR, chlorine, 
or cyano, polymerization usually is more readily accomplished than m 
the case of the simple olefins. If, however, R is phenyl, R' must be 
hydrogen or the polymerization is very difficult to accomplish. Styrenes 
with substitution on the vinyl residue polymerize to low-molecular- 
weight molecules . 110 

Copolymerization, in which two different olefins or olefin derivatives 
take part in the chain reaction, is quite complex. Cases of this sort will 
be considered after the simpler ones have been described. It may be 
well, however, to point out at this time that there arc olefin derivatives 
of the type RCH=CHR which will not themselves polymerize but 
which do enter into copolymerization reactions with other polymeriza 
olefin derivatives. Thus, ethyl maleato and maleic anhydride can 

110 Standings and Breuach, Her., 62, 442 (1929). 
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combined with vinyl chloride to give copolymers but will not them- 
selves readily polymerize. 

The chain polymerization reaction is usually started by a catalyst 
such as a metal halide, a metalloid halide, or a peroxide. Boron fluoride 
and aluminum chloride work best at low temperatures. Benzoyl peroxide 
and hydrogen peroxide are common peroxide-type catalysts. Poly- 
merization may also be induced by heating and by irradiation with 
ultra-violet light. Oxygen also plays an important role in polymeriza- 
tion processes of this type, possibly through the formation of olefin 
peroxides. 

Staudinger 11 111 has shown that the temperature and general conditions 
under which styrene is polymerized have a marked effect on the molec- 
ular weight of the polymer. This is shown by the facts summarized in 
Table I. In general these results carry over to other addition-poly- 

TABLE I 

Molecular Size of Polystyrene as Affected by 
Method of Polymerization 


Average 


Method of 

Appearance 

Molecular 

Sintering 

Solubility 

Polymerization 

of Polymer 

Weight 

Point 

in Ether 

Heating with S 11 CI 4 

White pulveru- 
lent material 

3,000 

105-110° 

Soluble 

Under nitrogen at 

150° 

W T hite powder 

23,000 

120-130 

Slightly 

Under nitrogen at 

100 ° 

W T hite 

fibers 

120,000 

160 180 

soluble 

Insoluble 

In air at room 
temperature 

White 

fibers 

200,000 

180 

Insoluble 

Under nitrogen at 
room temperature 

White 

fillers 

600,000 

180 

Insoluble 


merization reactions. Low-temperature polymerizations with little 
catalyst are likely to produce the highest-molecular-weight polymers. 

Staudinger 111 has introduced the term degree of polymerization to 
indicate the number of recurring units in an addition polymer. In the 
case of styrene where the monomer has a molecular weight of approxi- 
mately 100, the degree of the polymer is about 1/ 100 of the molecular 
weight. The low-molecular-weight addition polymers with a degree 
number up to about 100 are called hemieolloids by Staudinger. 111 They 
behave much like ordinary low-molecular-weight compounds as regards 

11 fe tan dinger, "Die hochmolckularen organiBchen Verbindungeu, J. Springer, 

Be din (1932), 
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solubility, viscosity of solutions, etc. Those polymers with a degree 
above 100 and below 1000 are called mesoeolloids. They constitute a 
transition group, and the physical properties change more or less 
gradually from those of low-molecular- weight substances to those of 
very-high-molecular-weight substances. Polymers with a degree above 
1000 are called eucolloids. They usually swell markedly with solvents 
and dissolve only very slowly to give solutions which show abnormal 
viscosity behavior. In these solutions the individual molecules which 
are dissolved begin to approach the size of the ordinary colloidal particle. 
As mentioned earlier, three-dimensional polymers are invariably insolu- 
ble even when of relatively low molecular weight. Slightly cross-linked 
polymers of the linear tyj>e usually swell with solvents. 

The older method of producing polymers from the olefins and their 
derivatives was to use the pure liquid or a solution in an organic solvent 
in which the catalyst would dissolve. This method is still widely 
followed, but industrially some of these reactions are now carried out in 
emulsion. The monomeric material is suspended in water or a w y ater- 
organie solvent mixture and the catalyst and an emulsifying agent arc 
added. The polymer may separate as it forms or it may remain in 
emulsion and be coagulated at the end of the polymerization. The use 
of the emulsion technique has greatly improved the homogeneity of 
some of the polymeric products which are technically available. 

Ethylene. As long ago as 1797 experiments involving the polymer- 
ization of ethylene were being described in the scientific literature; 112 
therefore no attempt will be made to give a bibliography covering all the 
succeeding work. Thermal polymerization of ethylene in the presence 
of metal chloride catalysts 113 at about 70 atmospheres was found to 
produce butane and other lower paraffins, together with olcfinic and 
naphthenic oils. Burk, Baldwin, and Whitacre 114 have made a very 
careful study of the dimerization of ethylene in glass at 625°. The main 
idea behind the earlier w T ork seemed to bo the production of gasoline or 
lubricating oil from ethylene. Summaries of these phases of ethylene 
polymerization are available. 115 

Most of the earlier work on the polymerization of ethylene did not 
lead to a true chain polymerization with the production of large mole- 
cules. In recent years this has been achieved by heating ethylene at 
pressures above 1000 atmospheres and temperatures from 100° to 400 

114 Deiman, Troostwyk, Lauwerenburg, and Bondt, Ann. chim 21, 58 (1797) ■ 
Phyxik, 2, 208 (1799). lT 

111 Ipatieff and Rutala, Ber., 46, 1748 (1913) ; J . Russ. Phys. Chcm. Soc.. 45, V* <>• 

114 Burk, Baldwin, and Whitacre, Irul. Eng. ('hem., 29, 320 (1937). 
m Egloff, Hchaad, and Lowry, J. Phys. Chcm., 35, 1825 (1931); Sullivan, 001 
Neeley, and Shank land, Irui. Eng. Chem., 23, 004 (1931). 
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with a carefully controlled amount of oxygen. 116 This produces a solid 
CH 2 =CH 2 -> — [CH,CHj],— 


polymer which is tough and waxy to the touch and melts around 118°. 
The mean molecular weight estimated by viscosity measurements in a 
tetrahydronaphth alene solution runs from 2000 up to 20,000, depend- 
ing on the temperature and pressure of polymerization. These polymers 
show a crystalline structure by x-ray diffraction methods. The product 
has been produced technically in England under the name “Polythene.” 

Isobutylene. Isobutylene, which is available by petroleum-cracking 
processes, can be converted to a mixture of dimers, trimers, and tetramers 
by acid treatment, but this process is hardly a true polymerization. By 
use of metal halide catalysts, isobutylene has been converted to 
polymeric materials having a molecular weight of 25,000 to 400,000 or 
even higher. 117 These polymers have been studied and their useful 
properties described in a series of publications. 118 

These polyisobutenes are long carbon chains having pew-methyl 
groups on alternate carbon atoms (I). The products with molecular 

CH 3 ch 3 

I I 

— c — ch 2 — c — ch 2 — 

I I 

CII 3 cir 3 

I 

weights up to about 27,000 are thick liquids. The higher polymers are 
white, tough, elastic solids with properties which make them useful 
rubber substitutes. They cannot be vulcanized, however. The satur- 
ated nature of the polyisobutylene renders it inert; hence it is practically 
unaffected by ozone, strong acids, and similar agents which destroy 
rubber. 

Styrene. Styrene or phenylethylcne (I) was first isolated in 1831 
by the distillation of storax, and in 1839 Simon, a Berlin apothecary, 

CH=CII 2 

i 

110 Fawcett, Gibson, and Perrin, U. S. patent, 2,153,553 (1939). 

117 Otto and Mucller-Cunradi, (J. S. patent, 2,130,507 (193S) . 

118 Thomas, Zimmer, Turner, Rosen, and Frolicli, 2nd. Eng. Cham., 32, 299 (1940); 
sparks, Lightbmvn, Turner, Frolieh, and Klebsattel, ibid., 32, 731 (1940); Thomas, 

parks, Frolieh, Otto, and Mucllcr-Outiradi, J. Am. Chem. Soc.. 62, 276 (1940) ; Thomas, 
‘ghtbown, Sparks, Frolieh, and Murphree, 2nd. Eng. Chcm 32, 1283 (1940). 
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called attention 119 to the fact that it gave polymeric products. The early 
literature is full of references to the changes which styrene undergoes 
under the influence of heat, light, and various chemical agents. How- 
ever, the work of Staudinger 120 and his collaborators has shown the real 
usefulness of polystyrene. Much of our knowledge of other addition 
polymers has come from this work on styrene. 

Thermal polymerization of styrene at moderate temperatures (150 - 
175°) leads to a water-white, transparent polymer which has a superficial 
resemblance to glass. It is much softer than glass and is tough rather 
than brittle. It can be cut, shaved, machined, and molded under 
pressure and heat. It displays a rubberlike elasticity when warmed. 
The polymer is soluble in aromat ic hydrocarbons and many esters. 

When the polymerization is carried out at too high a temperature a 
more brittle and less soluble product is produced. This product has less 
shock resistance and a lower transverse tensile strength than the polymer 
produced at moderate temperatures. 

Styrene may be polymerized to give polymers of very high molec- 
ular weight (p. 741), and the nature of the catalyst, the temperature, 
the solvent, etc., affect the nature of the polymer. It is generally 
believed that the activated molecules react by a chain mechanism with 
unactivated molecules to build up the long-chain polymer. Hence, if 
many active centers arc formed, the unactivatcd monomer will be 
divided between all of them and the chain length of the polymer will 
not be great. With fewer active centers and slower growth of polymer 
chains the very-high-molecular- weight products result. Staudinger and 
Frost 121 made some of the first kinetic studies on polymerization by 
following the rate of change of styrene to polystyrene by bromine 
titration. 

Considerable work on the structure of polystyrene has appeared. 
Staudinger and Steinhofer 122 used pyrolytic methods to degrade poly- 
styrene and isolated such products as 2, 4-diphenyl- 1-butene (II), 1,3- 
diphenylpropane (III), 2, 4, G-triphenyl- 1-hexene (IV), 1,3,5-triphenyl- 

CH 2 =CCHaCIIi CII 2 CII 2 CII 2 CHfM3CHiCHCH*CHs 

I i || III 

Cells C*1I S Cells Cells Cells C 6 Hs Cefls 

it in IV 

pentane (V), and 1,3,5-triphenylbenzene (VI), all of which are consistent 
with the notion that polystyrene is a long chain of molecules having 
phenyl groups on alternate carbon atoms (VII). 

119 Simon, Ann., 31 , 265 (1839;. 

120 Staudinger, Brunner, Trey, Garbsch, Signer, and Wchrli, Bvt., 62, 241 (192. )• 

121 Staudinger and Frost, Ber„ 68, 2351 (1935). 

122 Staudinger and Steinhofer, Ann., 617 , 35 (1935). 
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CH 2 CH 2 CHCH 2 CH 2 C 6 H 6 |^C 6 H 6 

c 6 h 6 c 6 h 5 c 6 h b 

c 8 h & 

V VI 

-CHCH 2 CHCH 2 CHCH 2 — — CHCH 2 CH 2 CH— CH 2 CII 2 CH 2 CH 2 

111 III I 

C 6 H 6 C 6 H 5 C 6 H 5 C«H, C 6 H 5 C 0 Hs C 6 H 6 

VII VIII IX 

Midglcy, Henne, and Leicester 123 have isolated 1,4-diphcnylbutane 
(IX) by the action of sodium and alcohol on styrene and have accord- 
ingly suggested structure VIII for the recurring unit in polystyrenes. 
It seems unlikely, however, that such a “head-to-head, tail-to-tail” type 
of structure could yield the pyrolytic products which have been char- 
acterized. 122 

Very recently it has been suggested 124 that polystyrene chains have 
some methyl side chains (X). This means that some shift of hydrogen 
has occurred during the polymerization. 



Staudinger has suggested that the end groups on a polystyrene 
molecule are hydrogen and an unsaturated group. The double bond is 
very difficult to detect, and, though these end groups seem reasonable, 

H— rCIICHsI —C=CH 2 

I I 

C e H & J„ Cells 

XI 

they must be regarded as tentative. Attempts to label the end groups 
by carrying out the polymerization in the presence of substances such 
as sulfuric acid, acetic acid, acetic anhydride, and methanol l2 - have not 
helped settle the problem. 

There is evidence 125 that a large polystyrene molecule may increase 
hi molecular weight when placed in fresh monomeric styrene under the 
Proper conditions. This would indicate a terminal double bond, which 
could either be reactivated to combine with more styrene or could be 

125 Mid K lcy, Henne, and Leicester, J. Am. Chcm. Sac., 58, 1961 (1 936) . 

124 Kropa and Barnes, 101st Meeting of the American Chemical bociety, St. Lo s, 
Missouri, April, 1941. 

Uj Hout 2 and Adkins, J. Am. Chem. Soc 55, 1009 (1933). 
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captured by new growing chains of polystyrene, thus giving rather 
complex branched structures. Such branched structures have marked 
effects on viscosity. 

Thermal polymerization of styrene may also be carried out in solu- 
tion. The general effect is a slowing down of the reaction and a decrease 
in the degree of the polymer . 126 The exact nature of the change, how- 
ever, seems to vary with the solvent. Extended studies of the effects 
have been carried out by Suess 527 and by Schulz . 128 

Carbon tetrachloride shows a decided ability to depress the average 
degree of the polymer . 127 It may be that the role of this solvent is 
more than that of a simple diluent, inasmuch as it has been reported that 
polystyrenes prepared in carbon tetrachloride are halogen-containing, 
and that the amount of chlorine is roughly that required for one carbon 
tetrachloride per polystyrene molecule . 129 Benzene and toluene, on the 
other hand, seem to depress the degree much less effectively than the 
other solvents. 

The properties of the polystyrene molecule are dependent not only 
on its chemical nature but also on the size and shape of the molecule. 
It has been suggested that at least in solution the molecule takes the 
form of a long rod. Such solutions are apparently true solutions in that 
the polystyrene is inolecularly dispersed in a solvated form. The eucol- 
loidal solutions, for example, show no change in viscosity on long stand- 
ing or shaking or after operations such as successive dilutions and con- 
centrations . 130 It is quite possible, however, to degrade the molecules 
in solution and hence lower the viscosity. Thermal treatments, if pro- 
longed, and especially if carried out at moderate temperatures, result in 
a molecular degradation . 131 Mechanical treatments will accomplish the 
same end. Polystyrene solutions agitated in a ball mill show a contin- 
uous decrease in molecular weight with increasing duration of treatment. 
Forcing tetralin solutions through a platinum orifice under conditions 
leading to a high degree of turbulent streaming also decreases the molec- 
ular weight . 132 It is possible that the rodlike shaixi of the molecule 
contributes to the ease of shear of the structure. 

If a polymerization of styrene is carried out in an emulsion of sodium 

126 Breitenbach and Hudorfer, Monat&h., 70, 37 (1937) ; Jorde, ibul., 70, 193 (1937). 

117 (a; Suess, Pilch, and Rudorfcr, Z. physik . C 'hem., A179, 301 (1937); Oesterr. them.- 
Ztg 40, 287 (1937) ; (5) Suess and Springer, Z. physik. Cfiem., A181, 81 (1937). 

128 («) Schulz and Husemann, Z. physik. Chem., B36, 184 (1937); (b) Schulz, Dmg- 
linger, and Husemann, Hid., B43, 385 (1939). 

129 Breitenbach, Springer, und Abmhamczik, Oeslerr. Ckem.-Ztg., 41, 182 ( 
Breitenbach and Maaehin, Z. physik. Cheat., A187, 175 (1940). 

130 Staudinger and Frey, Ber., 62, 2909 (1929). 

131 Staudinger, Frey, Garbech, and Wehrli, Bct., 62, 2912 (1929), 

U1 Staudinger and Heuer, Ber., 67, 1159 (1934), 
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Dleate the result is a latexlikc suspension in which the molecules appear 
to be spherical, since Einstein s viscosity law, based on the assumption 
jf a spherical form, is obeyed. The polymer may be precipitated, how- 
ever, just as rubber is obtained from latex, and after drying and dis- 
solving in benzene the usual abnormal viscosity, characteristic of a rod 
;hape, appears . 133 This demonstrates the influence of the medium on 
:he nature of the molecular shape. 

The assumption that the molecules are essentially rodlike in nature 
: orms the basis for Staudinger's relation between the viscosity of such 
solutions and the molecular weight of the dissolved material: 

«=fx 7T 

Cgn 

n which M is the molecular weight, K m a constant, >? sp the specific 
viscosity, and C Rm the concentration of polymer expressed in terms of 
he concentration of the monomer in moles per liter. This relation may 
ilso be expressed in terms of the degree of polymerization in which P is 


he number of monomeric units in the polymer and C is the concentra- 
;ion of the polymer in grams per liter. 

Both these relations arc valid if the proper value for K m is chosen. 
The problem is complicated because any molecular- weight value must of 
tccessily be an average value, and because there are very few methods 
)f estimating molecular weights in this range. However, the utility of 
Staudinger’s viscosity method has been confirmed in practice, especially 
vith polystyrenes. Schulz has demonstrated that the osmotic-pressure 
ncthod may also be adapted to yield molecular- weight values . 134 To 
)btain significant values it is necessary to use a polymer fraction of a 
casonably narrow molecular-weight range. These values are in accord- 
mce with the results obtained through the use of the ultracentrifuge 135, 1346 
md may then be used for the determination of the value of the constant 
n Staudinger’s formula . 136 This constant is then useful over neighbor- 
ly ranges of molecular weights. 

Occasionally some difficulty is encountered in the use of viscosity 
methods. The molecular weights become abnormal, especially under 
certain circumstances, such as high-temperature polymerizations. This 

133 Staudinger and Husemann, Bcr., 68, 1691 (1935). 

131 (a) Staudinger and Schulz, Ber., 68, 2320 (1935) ; (5) Schulz, Z. physik. Chem ., 
^76, 317 (1936). 

J* Signer, Trans. Faraday Sac., 32, 296 (1936). 

Schulz and Dinglinger, Z. physik. Chem., B43, 47 (1939). 
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may be due to the introduction of a small degree of branching in the 
molecular structure. It has been suggested 1340 that this is due to 
an infrequent activation in the para position, with consequent chain 
branching. It is also possible that the branching occurs in the 
fashion previously noted; that is, that a large styrene molecule is incor- 
porated in a growing chain through its terminal double bond. In thermal 
polymerization an increase in temperature increases the gross rate of 
reaction and decreases the chain length of the molecule, and both these 
effects contribute to an increase in the concentration of double bonds at 
any particular time during the polymerization. This, coupled with the 
general activating influence of a temperature rise, may explain the 
observed effects. A confirmation of the existence of some ramification 
in polystyrene molecules has been obtained by Signer 137 from studies of 
the streaming double refraction of polystyrene solutions. 

The introduction of cross-linking into the molecule leads gradually 
to polymeric products with decreased solubilities. It was observed in 
some of the earlier work on polystyrenes that some preparations from 
industrial styrene were harder and less soluble than others. Investi- 
gations of the starting materials revealed the presence of small amounts 
of divinylbenzene (XII) in the styrene. Divinylbenzene itself is cap- 
able of polymerization 138 to form a structure such as that illustrated by 
formula XIII. As would be expected from this type of structure, the 
molecule presents a three-dimensional aspect and is hard and insoluble. 


CH=CH 2 



ch=ch 2 

xii 



— CH— C1I 2 — CII — CII 2 — CH— CH 2 — CH— CH 2 - 




117 Signer, Ileh . Chim. Acta , 19, 897 (1936). 

138 Lespieau and Deluchat, (’ompt. Tend., 190, 683 (1930). 
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It was found that the introduction of as little as 0.01 per cent of 
divinylbenzene in styrene affected the character of the resulting poly- 
mer. 139 It became, of course, harder and less soluble. An increase in 
the divinylbenzene content to about 0.1 per cent rasulted in a product 
which still swelled on contact with solvents such as benzene, but which 
was almost completely insoluble. With more than 1 per cent of divinyl- 
benzene, the polymer was a hard glass, impervious to solvents. 

The insoluble polystyrene is very similar in appearance to the ordi- 
nary soluble styrene polymer, and is of the same general chemical struc- 
ture, except that the linear polystyrene molecules arc bound together 
at more or less infrequent intervals by divinylbenzene units. This is 
illustrated in XIV : 


— CH 2 — Oil — CH 2 — CII — CH 2 — CH — CH 2 — CH — CH 2 — CH — 



— CH 2 — CH — CII 2 — CH — CH 2 — CH — CH 2 — CH — CH 2 — CH — 



xiv 


The effects occasioned by varying the relative amounts of the two 
molecular species have been investigated by Staudinger. 140 Only a very 
small concentration of divinylbenzene is sufficient to bring about a non- 
swelling condition, but as this concentration is lowered the polymer 
gradually takes on a swelling character and becomes partially soluble. 
With still lower amounts of divinylbenzene, in the neighborhood of 
0.0025 per cent or less, the polymer becomes soluble, but the viscosity 
of such solutions is abnormally high. For example, a 0.0025 per cent 
divinylbenzene polymer obtained at 100° displayed an i) sv /C value of 
4U, as compared with the value 21.5, taken under the same conditions, 

139 Staudinger and Heuer, Ber., 67, 1164 (1934); Staudinger and Husemann, Ber. % 
68 * 1618 (1935). 

143 Staudinger, Heuer, and Husemann, Trans. Faraday Soc 32. 323 (1936). 
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for a polystyrene also obtained at 100°. In general, although no fixed 
relation exists, increasing the chain length of the polystyrene molecule 
decreases the amount of divinylbenzene required for inducing swelling 
without solution. 

It has been found that, varying with the conditions, one molecule 
of divinylbenzene for every 10,000-50,000 molecules of styrene is suffi- 
cient to induce a marked effect. This corresponds to less than one 
molecule of divinylbenzene to every polystyrene molecule, so that 
something besides a purely integral valence bonding is effective in pre- 
venting solution. Observations of solubility phenomena displayed by 
polystyrenes of the very low-divinylbenzene-contcnt variety show that 
they are slowly attacked by the solvent, and that very gradually a sort of 
extraction takes place and some linear polystyrenes of the normal type 
find their way into solution. It is apparent, therefore, that some sort 
of “netting effect” is present; possibly the cross-linked molecules are 
intertwined with some of the linear molecules and hence hold them fast. 

Compounds fitting the character of divinylbenzene in this particular 
instance have been referred to generally as netting agents. Obviously, 
they must contain at least two double bonds capable of incorporation 
into the chain. In an extended investigation involving styrene and a 
number of other monomers, Norrish and Brookman 141 have found a 
number of such agents, which in decreasing order of effectiveness are 
divinvlacetylene, divinylsulfide, divinylsulfone, and hexatriene. Those 
which are relatively ineffective arc divinylcther, divinylsulfoxide, diallyl, 
and isoprene. Many other examples of such compounds and their appli- 
cations are appearing in the patent literature. 

Acrylic Acid Derivatives. Acrylic acid was discovered in 1813, 142 
and the properties of its polymer were described in 1872. 143 The 
a-methylacrylic acid derivatives were discovered in 1805, 144 and the fact 
that they would polymerize was recognized by Fittig and Paul m 
1877. 145 The technical development in this field apparently dates back 
to the researches of Otto R6hm. l4C Methyl methacrylate polymers have 
been in commercial production in the United States since about 1937. 

The large-scale manufacture of the acrylate polymers is based on 
cheap production of the monomeric esters. The reaction between 

141 Norrish and Brookman, Proc. Ray. Sac. (London), A163, 205 (1937). 

142 Kedtcnbacher, Ann., 47, 113 (1843). 

143 Linnemann, Ann., 163, 369 (1872). 

144 Frankland and Duppa, Ann., 136, 12 (1805). 

145 Fittig and Paul, Ann., 188, 52 (1877). _ _ 

148 O. Rohm, “Ubcr Polymerization Produktc der Akrylsiiurc,” Dissertation, Q ^ 

gen (1901; ; v. Pechmann and Itohm, J3er., 34, 427 (1901); Rohm, Bc.r., 34, 573 ■ ' 

Rohm, German patent, 262,707 (1912); U. S. patent, 1,121,134 (1914); German pa e 
295,340 (1915). 
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ethylene chlorohydrin and sodium cyanide 147 gives 0-hydroxypropio 

H0CH 2 CH 2 C1 + NaCN -> HOCH 2 CH 2 CN -f NaCl 

\-h 2 o 


ROH/ 

CH2=CHC0 2 R 


ch 2 =chcn 


nitrile, which on dehydration yields acrylonitrile, CII 2 =CHCN; on 
dehydration, hydrolysis, and esterification yields the alkyl acrylates, 
CH 2 =CHC0 2 R, and on dehydration and hydrolysis yields acrylic 
acid, CH 2 =CHC0 2 H. 

a-Methylacrylic acid (II) is produced from acetone through the 
cyanohydrin (I). By treatment of the cyanohydrin with an alcohol 
and sulfuric acid it is possible to go directly to the alkyl a-methylacrylate 
(III). 148 The methyl ester, commonly called methyl methacrylate, is 
the most important ester of this type. 

CH 2 =C — C0 2 II 

I 

ch 3 

II 

CH2=C— co 2 r 

CH 3 
hi 


CHs' 


ch 3 - 


>co 


CH^ 


cir 3 


HjO/ 

/OH / H * so < 


"\CN 


h 2 so 4 \ 


The acrylates and methacrylates are readily polymerized under the 
influence of heat, light, or peroxides. 149 Benzoyl peroxide is one of the 
most common of the catalysts. Oxygen will catalyze the polymerization 
although an excess of oxygen acts as an inhibitor. The acrylate poly- 
mers (IY) are apparently long carbon chains with ester groups on alter- 
nate carbon atoms. In the methacrylates (V) the methyl substituent 
is also on the carbon atom carrying the ester group. The end groups 
may be hydrogen and an olefin residue although this is not definitely 
established. Recent work on the kinetics of these polymerization 
reactions indicates that one end group may come from the peroxide 
used as a catalyst (p. 775). 


HH 


CIBCH— CH 2 CH- 


C0 2 CH 3 


co 2 ch 3 j 

iv 


-CH=CH 

I 


co 2 ch 3 


7 Rohm and Haas A.-G., German patents, 305,350 (1919) ; 571,123 (1928) ; Bauer, 
u * S. patents, 1,388,010 (1921); 1,829,208 (1931). 

48 Imperial Chemical Industries, Ltd., British patents, 405,699 (1934) ; 419,457 (1934). 

49 Rohm and Haas A.-G., British patent, 304,681 (1930). 
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In keeping with this structure (V), polymethyl methacrylate may 
be degraded by heat to dimeric and trimeric products. 160 Polymethyl 


H— CH 2 — C— CHs-C- 


— CII=C 


C0 2 CH 3 C0 2 CH 3 J n 


C0 2 CH 3 


acrylate can be hydrolyzed with alkali to give the salt of a polymeric 
acid; it reacts with mcthylmagncsium iodide to give a polyalcohol; on 
heating with ammonia it yields amides and imides. Polymethyl metha- 
crylate does not undergo these transformations because of steric hin- 
drance. 

The polymers vary in molecular weight, depending on the conditions 
under which they are prepared, but the commercial products are in the 
neighborhood of 40,000. The polyesters arc insoluble in water, alcohol, 
and aliphatic hydrocarbons. Ethers act as swelling agents rather than 
as solvents. Aromatic hydrocarbons, ketones, esters, chloroform, sym- 
tetrachloroethane, and some other active hydrogen compounds are good 
solvents. Polyacrylic acid is slowly soluble in water. Its alkali salts 
are readily water-soluble. Polyacrylonitrile is highly insoluble in all 
common solvents. This is probably because of a cross-linked structure 
due to hydrogen bonding between the active methylene hydrogen of one 
chain and the nitrile group of another. It has been shown that a 1,3- 
dicyanide such as trimethylene cyanide is highly associated 151 by such 
forces. 

The methyl methacrylate polymers are marketed under such trade 
names as “Plexiglas/ 5 “Crystalite/ 5 and “Lucite.” The products are 
light in weight, tough, and elastic. They have good optical trans- 
parency, are stable to light, and are permanently thermoplastic. The 
sheet material is widely used in airplane manufacture. The powdered 
material is used for molding toilet articles, lenses, furniture, etc. 

Some patents 162 have been granted for modilied acrylate polymers 
which are harder and hence more suitable for the manufacture of 
spectacle lenses. This hardening is achieved by the addition of agents 
which cause some cross-linking. Methacrylic anhydride and ethylene 
methacrylate are types of reagents which have l>een suggested. 1 h cse 
obviously act like divinylbenzene when mixed with styrene. 

150 Staudinger and U reeh , Hdv. C 'him. Acta, 12, 1107 (1929) ; Staudinger anil Kohl 
echiitter, Ber., 64, 2091 (1931); Staudinger and Trornmadorff, Ann., 502 , 201 (1933). 

161 Copley, Zellhoefer, and Marvel, J . Am. Chem. Hoc., 62, 227 (1940). 

«« Hill, British patent, 423,790 (1935) ; Kiatier and Barnes, U. S. patents, 2,189,7 , 
2,189,735 (1940). 
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The alkyl a-haloacrylates (YI) are of theoretical interest since they 
apparently give polymers (VII) which have the units arranged in a 


CH2=CC1 

i 

COsCHa 

VI 


CII 2 CC 1 CCICHs 

1 1 

CO 2 CH 3 COaCIIa. 

VII 


head-to-head, tail-to-tail fashion rather than head-to-tail, as is the 
common arrangement of monomer units in a polymer chain. The fact 
that these polymers have halogens on adjacent carbon atoms is shown 
by their liberating iodine from solutions of potassium iodide in peroxide- 
free dioxane solution. 153 Other reactions and physical properties cor- 
roborate this evidence for the unusual arrangement of monomer units 
in the polymer chain of the a-haloacrylatcs. 

Vinyl Esters. Vinyl acetate (I) and vinyl chloride (II) are the most 
important of the vinyl esters which readily yield polymeric products. 

CH2=CHOCOCH 3 CH,>=CHCL 

1 11 

Both are readily available from acetylene by the addition of acetic acid 
and hydrogen chloride, respectively. Baumann 154 and Ostromysslen- 
skii 165 did the early work on polyvinyl halides. Staudinger and his 
students 156 described many of the chemical properties of the polyvinyl 
halides and concluded that these polymers had halogen on alternate 
carbon atoms along the carbon chain (III). This view of the structure 
was confirmed by a study of the reaction between zinc and an extremely 
dilute solution of polyvinyl chloride in dioxane. 157 Under these condi- 
tions of high dilution zinc removes chlorine atoms from the polyvinyl 
chloride molecule until about 84-87 per cent of the chlorine content 
has been removed. The remaining polymer is soluble, indicating that 
no cross-linking has accompanied the removal of chlorine. Flory has 
calculated 158 that 86.47 per cent of the chlorine would be removed from 
a polyvinyl chloride having halogen in the 1,3-positions (III) if the 

■~Cn 2 CHCH 2 CHCH 2 CHCH2CHCH2CHCH 2 ClICH z CHCH2CIICH 2 CH— 

I I I I | | I I 1 

Cl Cl Cl Cl Cl CL Cl Cl Cl 
in 


lss Marvel and Cowan, J. Am. Chem. Soc., 61, 315G (1939). 

154 Baumann, Ann., 163, 308 (1872). 

1,JJ Ostromysslenskii, J. Rush. Phys. Chem . Soc., 44, 204, 240 (1912), 

156 Staudinger, Brunner, and Feissrt, Heh. Chm . Acta, 13, 805 (1930). 
m Marvel, Sample, and Itoy, J. Am. Chem. Soc., 61, 3241 (1939). 
ls ® Flory, ibid., 61, 1518 (1939). See also Wall, ibid., 62, 803 (1940), and Simha, 
llnd -, 63, 1479 (1941). 
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removal follows statistical laws. The fact that not all the halogen is 
removed is due to isolation of chlorine atoms between reacting pairs. 
Similar statistical calculations lead to the conclusion that only 81.60 
per cent of the chlorine should be removable by the zinc reaction in a 
perfectly random arrangement of vinyl chloride units in the polymer 
chain. Hence, the evidence available indicates that all the vinyl 
chloride units in the polymer chain are arranged in a head-to-tail 
fashion. 

Commercial polyvinyl chloride is a high-melting, rather insoluble 
polymer. It can be softened by the addition of tricresyl phosphate, 159 
and the polymer thus plasticized, sold under the trade name of “Koro- 
seal,” finds many uses as a substitute for rubber. 

Polyvinyl chloride has a tendency to darken on exposure to sun- 
light, and this has been attributed to the loss of hydrogen chloride. 
This seems to be a sound explanation of the formation of color. It will 
be noted that loss of one hydrogen chloride molecule will make the 
adjacent chlorine an allyl chloride (IV), which will be even more likely 
to react again than will an isolated chlorine atom. Hence, polyene 
chains (V) which are highly colored will be set up whenever hydrogen 
chloride is lost. Certain stabilizers are used technically to avoid these 
reactions. 
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Polyvinylidcnc chloride (VI) was first systematically studied by 
Staudinger and Feisst 160 and the structure established as a head-to-tail 


— CHjCCh- CHaCCls— CHjCCIa— 

vi 


polymer. The product is now in commercial production in this country 
and is marketed under the trade name of “Saran.” 

Polyvinyl acetate has been studied by several investigators. Herr- 
mann 161 and Staudinger 162 were among the first to describe accurate y 


Broua and Semon, Ind. Eng. Chem ., 27 , 007 (1935) ; Schocnfeld, Browne, 
tiid., 31 , 904 (1939). 

180 Staudinger and Feint, HtJv. Chim. Acta , 13 , 832 (1930). 

161 Herrmann and Hachnel, fler., 60 , 1058 (1927). 

Staudinger, Frey, and Starok, Her., 60 , 1782 (1927); Staudinger an 
Ann., 4S8. 8 <1931; ; Staudinger, Her., 59, 3019 (192(1). 


and Brous, 
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the reactions and properties of this polymer. The ordinary polymer 
has a molecular weight of approximately 20,000 although samples with a 
molecular weight of 80,000 have been obtained. The polymer is clear 
and colorless, and softens at 30-40°. It possesses good stability to light 
and heat, but its low softening point prevents its successful use as a 
molding compound. It is very soluble in alcohols, ketones, esters, and 
even aromatic hydrocarbons and halogenated aliphatic hydrocarbons. 
When the polymerization is carried out in the presence of chloroform, 
the polymer contains chlorine. 

Hydrolysis of polyvinyl acetate (VIT) can be readily accomplished 
to give water-soluble polyvinyl alcohol, (VIII). 

— CH 2 CH— CH 2 CH > — CH 2 CHCH 2 CH— 

ii ii 

OCOCHj OCOCHj OH OH 

vii vin 


Staudinger 162 recognized the usefulness of this reaction in his work 
on structure proof. He reported that oxidation of polyvinyl alcohol 
with nitric acid gave oxalic and succinic acids. This indicates the 
possibility of some head-to-head, tail-to-tail groups (IX) in polyvinyl 


CH 2 CH— CIICII2 
OH OH 

IX 


alcohol and hence also in polyvinyl acetate. A more recent study of 
polyvinyl alcohol 163 showed that no 1,2-glycol structure was present 
since the polymer could not be oxidized by periodic acid, which is a 
specific oxidizing agent for this structural unit. 164 

Polyvinyl alcohol has been used to make oil-resistant tubing. Its 
principal application is in the manufacture of the acetals (X), which 
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Marv el and Denoon, J. Am. Chem. Soc., 60, 1045 (1938). 

Malaprade, Compt. rend., 186, 382 (1928) ; Bull. soc. chim., [5] 1, 833 (1934) ; Floury 
j‘ ld Fat ome, J, pharm. chim., [8] 21 , 247 (1935) ; Karrer and Hirohata, Helv. Chim. Acta , 
’ ^ (1933) ; Jackson and Hudson, J. Am. Chem. Soc., 69, 2049 (1937). 
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serve as the inner layer for safety glass. Tn the process of acetal forma- 
tion some of the hydroxyl groups become isolated just as chlorine atoms 
are isolated in the zinc dehalogenation of polyvinyl chloride. 158 These 
acetal rosins are resistant to water, have excellent light resistance, adhere 
to glass, and have a high degree of elasticity. 

Miscellaneous Vinyl Polymers. Methyl vinyl ketone (I) and methyl 
isopropylidene ketone (II) polymerize readily and have been under 


CH 3 

I 

CH2=CHCOCH 3 ch 2 =c — coch 3 

I II 

consideration as industrial plastics. The polymer of methyl vinyl 
ketone has been shown to have a head-to-tail or 1,5-diketonc structure 
(III). 165 

- CHCH 2 CHCH 2 — 

I I 

CO CO 

I I 

en 3 ch 3 

m 

Vinyl ether (IV) and divinyl ether (V) have been used to some extent 
but mainly as constituents of copolymers (p. 757). Yinyleurbazole 166 

CH2=CHOCH 3 cii>=ciioch=ch 2 

IV v 

(VI) has been patented, as have many other arylated vinyl types. The 
coumarone (VII) and indene (VIII) polymers have received consider- 



CH=CH 2 

vi VII VIII 


able study and have attained some practical importance. 167 

165 Marvel and I^evesque, J. Am. Chcm. S <>c,, GO, 2 SO (1938); 61, 3234 (1939). 
m Ileppe and Keyssner, German patent, OIK, 120 (1934). „ 

157 Stobbe and Farber, B*r., 57, 1K38 (1924;; Whitby and Katz, J. Am. Chan. 

50, 1100 ( 192S; ; Itisi and Gauvin, Can. J. Itewarrh, 13B, 228 (1935); Bergmarm ^ 
Taubadel, Her., 65B, 403 (1932; ; Sheehan, Kelly and Carmody, Ind. Eng. Chcm., , 
(1937;; Carmody, Sheehan, and Kelly, ibid., 30, 245 (1938); Carmody, i 1 •» 

(1940). 
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Copolymers 

When two different vinyl derivatives are mixed in the monomeric 
state and then polymerized, there is often produced a mixture of copoly- 
mers which contain both the monomeric units in simple chains. The 
technical development in this field is far ahead of the scientific litera- 
ture. Not every pair of vinyl monomers can be converted to a copoly- 
mer, and there are some monomeric ethylenic derivatives which will 
enter into copolymers but will not themselves polymerize. 

Perhaps the best-known group of copolymers are the “Vinylites,” 
which contain different ratios of vinyl chloride and vinyl acetate. It is 
an interesting fact that vinyl acetate alone polymerizes more rapidly 
than vinyl chloride; however, when the two monomers are mixed and 
then polymerization is effected, the polymer first formed is richer in 
vinyl chloride than is the mixture of monomers from which the polymer 
is formed. 168 Since the two monomers do not enter the polymer chain 
at the same rate, there probably is a difference in composition in each 
polymer chain that is laid down due to the change in concentration of 
the monomers in the impolymerized fraction. This fact is not stated 
specifically in the literature, but a hint of it is given in a patent, 169 by 
the suggestion that more uniform copolymers can be obtained by 
adding one component gradually to the polymerizing mixture. 

Styrene and maleic anhydride form a heteropolymer. 4, 170 The most 
readily produced polymer contains one styrene unit for each maleic 
anhydride unit arranged in a systematic fashion . A polymer containing 
more than one molecule of styrene for each molecule of maleic anhydride 
can be produced, but it Is not certain that this is not a mixture of poly- 
styrene and the copolymer with a 1 :1 ratio of the monomer. 

A study has been made of the copolymers of methyl methacrylate 
and butadiene 171 prepared from equivalent quantities of the monomers 
hy the emulsion technique. Ozonization of the polymer (I) gave the 
monomethyl ester of a tribune acid (II) in about 50 per cent yields. 
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Hat Staudinger and Schneiders, Ann., 541, 151 (1939) ; Marvel and Jones, unpublished 
mp. e Wal1, J ' Am ■ Cfcem- Soc., 63, 821, 1862 (1941). 

170 v kCDtSCher and Hen estenberg, U. S. patent, 2,100,900 (1937). 

(1938) ° BS aiK * ^ lc ^ auscr » U« S. patent, 2,047,398 (1930) ; Hopff, Kunsistoffe, 28, 289 

m Hlli - Le *is, and Simonsen, Trans. Faraday Soc., 35, 1067, 1073 (1939). 
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This proved that this copolymer is mainly made up of the two monomers 
occurring alternately in the chain. Some dimethyl ester of a tetrabasic 
acid was also formed and isolated as the tetramethyl ester (III or IV), 
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While the exact structure of this tetrabasic acid was not determined, the 
isolation of a product of this composition shows that some of the mono- 
meric units are joined in an irregular fashion, as seems to be true for 
the “Vinylites.” 

Melville 172 has described the preparation of some interesting copoly- 
mers. A vessel was filled with the vapor of a polymerizable monomer 
and irradiated to start polymerization. When the polymerization was 
well under way, as indicated by a pressure drop, the monomer was 
removed by evacuation and a new gaseous monomer added. The poly- 
merization continued at once, and presumably the new monomer became 
a part of the same polymer chain started by the first monomer. By 
changing from one monomer to another several times, Melville believed 
he had molecules such as shown below (V). 
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No study of the properties of these “molecular sandwiches” has yet 
been made. 

This section on copolymers is of necessity incomplete, as most of the 
work in this field has been done in the technical laboratories and pub- 
lished only in patents. Hence, it is difficult to locate and evaluate the 
available information. 

Dienes 

The polymerization of a conjugated diene (I) is a special case of 
addition polymerization. Two possible reactions may be involved 
the formation of the polymer, 1,2-addition (II) or 1,4-addition (IH). 
nature the diene polymer, rubber, has the units arranged rcgulai ) 
head-to-tail and 1,4. 173 When an attempt is made to polymerize but 

172 Melville, Tram. Inst, Iinbf/cr I ml,, 15, ZOO (1939). 

171 Pummerer, KuulHchuk, 10, 149 (1934; ; liubber Chcm. Tech., 8, 39 (1935). 
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adiene in the laboratory, the product appears to be made up of some 
1 , 2 -unions and many 1,4-unions in the same chain (IV). In a sense this 
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is related to copolymerization, and the numbers of 1,2- and 1,4- recurring 
units are determined by the rates of the two polymerization reactions. 
There is also the complicating reaction of cross-linking, which occurs by 
a new addition polymerization reaction in which the side-chain vinyl 
groups participate. 

Synthetic Rubber. The investigations in the diene field have been 
very extensive because of the search for a cheap synthetic rubber. The 
amount of research which has been done has been closely connected 
with general economic and political conditions throughout the world. 
Thus, the shortage of natural rubber in Germany in 1914-1918 led to the 
development of the production of a synthetic rubber from dimethyl- 
butadiene (V) at the rate of about 150 tons a month at one time. When 
natural rubber became available again this synthetic product was 
abandoned. 

CIl2=C — C=CH 2 
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With the increase in the price of crude rubber which began in 1925 
and lasted long enough to impress many industrial chemical corpora- 
tions and their associates with the value of a good synthetic rubber, a 
renewed interest in the problem developed. The price of rubber then 
declined, however, and only a few companies continued extensive re- 
search programs. Rubber continued to drop in price, reaching very low 
levels in 1932-1933 (less than $0.05 per pound for ribbed smoked sheets), 
an d then advanced again slowly. In June, 1940, the price of ribbed 
smoked sheets was about $0.22-0.23 per pound. During this time the 
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du Pont Company was engaged in the process for producing “Duprene ” 
later called “Neoprene,” from chloroprene or 2-chlorobutadicne (VI). 

Cl 

i 

CII 2 =C— CH=CII S 

VI 


The resulting product was rather costly, especially at first (ca. $1.00 
per pound in 1935-1936), but fortunately it is greatly superior to 
natural rubber in some respects, especially in its resistance to the action 
of hydrocarbon solvents. It has therefore found continuous use and 
the price has dropped to lower levels. 

In Germany a great deal of interest has been shown in the rubber 
problem over the last ten years, as evidenced by the number of patent 
applications and the present development of the industry in that country. 
Synthetic rubbers have been in production for some time. These were 
originally prepared from butadiene (I) by the action of sodium and 
were known as “Buna” rubbers. Lately several new modifications, such 
as “Buna N” and “Buna S,” have appeared. These are outstanding 
improvements and are copolymers of butadiene with acrylonitrile and 
styrene, respectively. 

Other important synthetic rubbers which have appeared recently in 
this country are “Ameripol,” “Butyl Rubber,” “Koroseal,” “Chcmi- 
gum,” “Hv-Car,” polyisobutylene, and “Thiokol.” Ameripol, Ily-Car, 
Chemi-gum, and Butyl Rubber have not been described in detail in the 
literature, but they are probably copolymers of which one constituent 
is butadiene. Koroseal, Thiokol, and polyisobutylene have been 
described in earlier sections. 


All these materials have slightly different characteristics which 
influence their use, but all have the same objective: the replacement of 
natural rubber as a major commodity. It seems likely that the future 
development in this field will not be directed to the production of a 
single material which will serve as a substitute for natural rubber in all 
its manifold uses, but rather that a number of different polymers of a 
wide range of properties will be manufactured, and that within any 
particular field there will lx*, available a product which is better or cheaper 
than natural rubber. The tire industry, of course, serves as the largest 
rubber consumer in all industrial countries (the consumption in this 
country is estimated at about two-thirds of the total rubber imports 
tion) and hence will be the scene of the greatest competition. The wno^ 
field is not a small one; rubber consumption in the United States for i e 
month of May, 1940, was estimated at 51,619 long tons. One o tic 
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most fruitful of research avenues seems to be the study of copolymeri- 
zation, although the mode of processing plays such an important role 
that studies of the polymerization proper and the technical utilization 
of the preliminary product are inseparable. 

It will be noticed that a rather curious event has occurred in the 
course of the development of synthetic rubbers. Unvulcanized natural 
rubber is an isoprene polymer (VII) and as such consists of a hydro- 

— CII2— C=CII— CII 2 — ' — 

C1I* J n 

VII 

carbon chain containing about one double bond for every five carbon 
atoms. If was therefore thought, very naturally, that rubberlike prop- 
erties were dependent on exactly this type of structure, and that only a 
diene polymer would approach natural rubber in its qualities. But it 
now appears that something besides the diene polymer structure is 
concerned with these properties, since the substitutes polyisobutylene, 
Koroseal, and Thiokol are not derived from dienes. The length of the 
molecule is undoubtedly of great importance. 

Another factor must be considered in these studies. Rubber as 
precipitated from latex is very different in its properties from the tough 
clastic material which is usually the desired form. Vulcanization and 
the incorporation of certain materials such as zinc oxide and carbon 
black arc corollaries to the development of the finished product. The 
changes in structure which occur during the vulcanization procedure are 
generally taken to be the creation of cross-links between the molecules 
by means of sulfur bridges set up at the unsaturated bonds. This 
means that some variety of cross-linking seems to be necessary for the 
full development of a good rubber, and that for a normal vulcanization 
some unsaturation must be present. 

The arrangement of the molecules also seems to be highly important, 
ft is apparently essential that the linear molecules of the polymer be 
aligned in the same fashion, side by side, for the full development of 
clastic properties. In rubber this is carried out by natural forces. In 
the synthetic materials a sort of mechanical vulcanization may often 
be observed. Suitable working of the polymer leads to an alignment 
°f the molecules and consequently to elasticity. 

All the industries using large quantities of rubber as a raw material 
have been continuously engaged in research directed to the production 
°f better and more useful articles. The design of the finished product 
and the technological features of its manufacture are of necessity based 
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on the assumption that natural rubber will be the starting point, and 
consequently they must take full cognizance of the strength and weak- 
nesses of rubber. The new materials may surpass rubber in many 
respects and yet be inferior in others, or at least possess some different 
qualities, so that much technological research will be required if full 
advantage is to be taken of these synthetic materials. 

The question of finished cost, balanced against the ability of the 
product to do the work for which it was designed, must play an impor- 
tant part in the scheme of development. Easy production of a monomer 
in the laboratory does not guarantee its success in a commercial field. 
Any attempt to produce a synthetic rubber must be accompanied bv a 
method of producing the monomer at a low cost . For a long while this 
phase of the situation caused considerable difficulty. At the present 
time the new methods developed by the petroleum industry seem able to 
supply the starting materials at low cost and in tremendous volume. 
Butadiene and isobutylene may be produced easily, as may acetylene, 
which is the starting point for chloroprene. It therefore seems probable 
that within a few years synthetic rubl>er will be fairly inexpensive. 

Polymerization of dienes by means of the alkali metals, especially 
sodium, is a well-known method. The use of sodium in this connection 
was noted 174 as early as 1910 in England. This reaction has been 
investigated extensively both academically and commercially. Ziegler 175 
has been especially identified with the study of alkali metals and alkali 
alkyls and their effect on dienes. This work was reviewed in 193G. 1 ' 6 It 
has been found that both 1,2- and 1,4-addition may occur, but that 
higher temperatures favor 1, 4-addition. It is presumed that the alkali 
metal or alkali alkyl adds to the double bond to form an intermediate 
compound and that then this intermediate of the 1,4- or 1,2-t.ype adds 
butadiene molecules stepwise. Lithium is especially useful for these 
studies. The alkali metal takes a position at the end of the chain after 
each addition and is then available for another addition. Schulz I " ha^ 
pointed out that some of Ziegler’s conditions are not those which would 
obtain in a true polymerization reaction and that a slightly different 
interpretation is possible. With butadiene, for example, lithium ma} 
add at one of the double bonds : 

171 Matthews and Strange, British patent, 24,790 (1910). . 

17i Ziegler and Biihr, Her., 61, 253 (192*;; Ziegler, CrOssmann, Kleiner, and > j’ ^ 
Ann., 473, 1 (1929; ; Ziegler and Kleiner, Ann., 473, 57 (1929; ; Ziegler, Dcrseli, and ^ ; 
than, vlnn., 511, 13 (1934); Ziegler. Jakob, Wollthan, and Wenz, .•!««.. 5ll> 04 
Ziegler, Grimm, and Wilier, Ann., 542, 90 (1940;. 

174 Ziegler, Angew. I'hcm,, 49, 499 (193G). ,, io uu d 

177 Schulz, Ergeb. erakt. Xnturw., 17, 307 (193*;. See also Iluiiwink cnci 
Technologie der Kunatstoffc,” Akad. Verlags. Leipzig (1939). 
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CIIi = CH — CH=ClIi LiCHjCH=CIICHt— 
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The next reaction will be dependent, on the relative concentrations 
of lithium and butadiene. If the lithium is present in large amounts, 
then IX will be formed in considerable amount. The intermediate VIII 
may also add butadiene to form X, which is then faced with the same 
alternatives as the original compound (VIII). The lithium is therefore 
both a chain initiator and a chain terminator, and the lower the con- 
centration of the monomer, the lower will be the average molecular 
weight of the product. The final products, however, will be the same 
whether the reaction proceeds chainwise through a free radical mecha- 
nism or through a metal-alkyl addition of successive monomer units as 
suggested by Ziegler, 

That only comparatively small amounts of sodium arc necessary 
for the polymerization has been a general observation. For example, 
an experiment utilizing only 0.001-0.3 per cent sodium has been de- 
scribed. 178 The sodium and butadiene are condensed together on a cold 
surface to obtain a fine dispersion of the sodium. Solid polymers may 
be obtained in two to thirty-six hours at 10-15°. 

The kinetics of the reaction have been studied by Abkin and Med- 
vedev 179 for butadiene and sodium. These authors hold Ziegler’s view 
that two atoms of sodium add to butadiene, and that subsequent addition 
of butadiene occurs with the sodium atom continually moving to the 
chain end to provide an active center. It was found that, a primary 
period was observed during which the rate of polymerization gradually 
increased until some definite value was reached, after which it became 
constant. This preliminary period is presumably due to the formation 
of primary sodium-butadiene compounds, and is very much slower than 
the rate of addition of butadiene to these active points. A number of 
experimental difficulties were encountered during the course of the 
investigation, and it was found that the results were reproducible only 
whcii carefully purified butadiene was employed in the absence of 
ox ygen and light. 

tor commercial polymerizations sodium has been employed in the 
form of wire or rods and in a finely divided state as powder. Zinc rods 

178 Zelmanov and Shall) ikov, J. Phys. Chnn. {C.8.S.R.), 4, 353 (1933). See BoUand, 
*' roc - Soc. {London), A178, 24 (1941), for a recent discussion of the mechanism of 
Polymerization by metal rata lysis. 

Abkin and Medvedev, Tran#. Faraday Soc., 32, 280 (193b). 
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dipped in sodium have also been used. An atmosphere of carbon 
dioxide was employed with the process for the production of “Methyl 
Rubber B” by the Badisehc Amlin und Soda-Fabrik. At the present 
time sodium polymerizates arc still in commercial use. “Buna 85” of 
the I. G. Farbenindustrie A.-G., as well as “Buna 115, are sodium- 
butadiene polymers. The Russian products “SK A” and “SK B ,J and 
the Polish “Ker” are also of the same type. The German rubbers arc 
liquid-phase polymerizates prepared with finely divided sodium. 1 " 
Chloroprene cannot be polymerized by this method. 

Much of the synthetic rubber in commercial production today k 
polymerized in emulsion. The resulting latex is easy to handle, and the 
products are generally superior to those obtained in other fashions. 
Lower temperatures may be employed, and consequently the amount of 
low-molecular-weight polymers is decreased. The monomer is emulsi- 
fied in an aqueous solution with some agent as sodium oloate, linoleato, 
or stearate, or the sodium salt of certain sulfonic acids. The mixture is 
usuallv homogenized to increase the yield and the velocity of poly - 
merization. A protective colloid as gelatin, milk, albumin, gluey ora 
similar compound is often added. A catalyst containing loosely held 
oxygen is generally necessary to initiate the reaction, and compounds 
such as hydrogen peroxide, benzoyl peroxide, perborates, persulfates, 
percarbonates, ozonides, and metallic peroxides have been used. 1 he 
organic or inorganic salts of metals such as cobalt, manganese, and lead 
have also been suggested. Certain halogen compounds such ns tri- 
chloroacetic acid and carbon tetrachloride have been said to have an 


accelerating effect on the polymerization. 

Most of the current rubbers being made in Germany are copoly- 
mers. 180 “Buna 85” is now produced only in small quantity since ns 
soft vulcanizat.es are considerably weaker than those, of natmal nibbu 
or the copolymers. It has some advantage for use as a hard nihhv- 
The principal mixed polymers employ styrene or acrylonitrile. 111 j' 1 

S” is a styrene-butadiene copolymer prepared in aqueous emulsion . . ^ 

is used generally for tires and mechanical rubber goods.. Here a. atP 
degree of oil resistance is not demanded. In heat and abrasion K,, '' 1 ^ anC ^ 
it is said to be superior to natural rubber. It shows lower wateyi Mjip 
tion and has aging properties superior to those of natural iu > 
its resistance to hydrocarbon solvents represents only a ^ct) 
improvement. A hot-air plasticizing treatment at 110 ] 40 y u ^ 
carried out on Buna S br-foix: vulcanization. A slight pressure ^ 

able. The process softens the product and allows fuithei P l0f( for 

the same fashion as natural rubber. Oxygen is apparently nccu-a „ 


180 Koch, Ind. Eng. Chun., 32, 401 (1040). 
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this treatment, which seems to be an exothermic reaction, but no change 
in composition of the polymer has been detected. 

“Pcrbunan” (“Buna N”) and “Perbunan Extra” are prepared in an 
emulsion using butadiene and up to 40 per cent acrylonitrile. (The 
Kxtra grade contains more of the nitrile than the standard.) This poly- 
mer is not given a hot-air plasticizing treatment but is milled on cold 
rolls before processing. Its principal value lies in its resistance to hydro- 
carbon solvents, although it has been reported that excellent tires have 
been made from Buna N type polymers. The raw Pcrbunans are insolu- 
ble in gasoline and aliphatic hydrocarbons but arc soluble in aromatic 
and chlorinated hydrocarbons and, unlike natural rubber and Buna S, 
in ketones such as acetone and methyl ethyl ketone. The vulcanized 
products are quite insoluble. Vulcanization of these materials is gener- 
ally very similar to that of natural rubber. 

Ohloroprene is also polymerized in an emulsion. The normal speed 
of polymerization of chloro prone is much more rapid than that of 
isopreno, and apparently in emulsion form the rate is accelerated. 
Oxygen also acts as an accelerator. The outstanding properties of the 
finished product are its resistance to combustion (because of the high 
chlorine content) and, most important, its resistance to swelling when in 
contact with organic liquids. It is also more resistant to oxidants than 
is vulcanized natural rubber. 

The development of the whole synthetic rubber field up to 1933 has 
been covered in an excellent fashion with great detail by Whitby and 
Katz. m The situation to 1039 is reviewed by Konrad in Ilouwink’s 
book. 177 

Polysulfones 

The addition of sulfur dioxide to an olefin or olefin derivative is a 
special case of copolymerization and is also a case of heteropolymcri- 
zation since sulfur dioxide alone does not polymerize. The reaction 
was discovered by Solon in a, 18-2 who described the addition products of 
this type from allyl alcohol and various allyl ethers. Matthews and 
Kldcr 183 extended the reactions to the simple olefins from ethylene 
through amylene and showed that the products had the composition 
(HCH=CH 2 ■ S0 2 ) n . 

The field was investigated very actively beginning about 1934 when 
several investigators in various laboratories simultaneously took up a 
study of these products. Staudinger in 1932 111 and Soyer and King 184 in 

m Whitby and Katz, ibid., 25, 1204, 133.8 (1933). 

t ^olouina, J. Runs. Rhys. ('tu rn. Sue., 19, 306, Note 1 (1887 ) ~jbid., 30. 826 (1898). 

1 ^hews and Elder, British patent, 11,635 (1914). 
fceyer and King, J. Am. Chan. .Sac., 55, 3140 (1933). 
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1933 suggested that the addition compounds were polysulfones (I). Ex- 
perimental confirmation of this structure was furnished by the Work of 
Frederick, Cogan, and Marvel 185 and Staudinger and Ritzcnthaler. 186 

— (CH 2 CH 2 S0 2 ) ft — 

i 


The addition reaction runs smoothly for 1-olefins and their functional 
derivatives, 1-alkynes, and a few 2-olefins. 187 * 188 Mixtures of olefins 
and sulfur dioxide give complex copolymers. In most of the polymers 
the ratio of olefin or acetylene derivative to sulfur dioxide is one mole- 
eule to one molecule. Vinyl chloride, however, gives a polymer with 
two vinyl chloride units to one sulfur dioxide unit. 

The polysulfones all have the head-to-head, tail-to-tail structure 
(II) 189 as shown by the alkaline cleavage to the cyclic disulfone (III) and 


R U 

iHCH 2 S0 2 CH a ilIS0.. 

H 


11 
in — < 


Alkali / 

„ > so 2 

V 


■cilj R 

\o 2 + CH 3 S0 2 CIlijHS0 2 Na 


Cit-CH 2 

I 

It 

in 

\ 

OiidationV 


R— CH-CIIi 


R — CII — CHj 


S2CI1 Cl 

RCH=CII* - ■> 

Cl 


s - Na2 ’\ s 7 


+ RCC 




R-CH-CII, 


It— CII — CIU 


the salt of the sulfone sulfinic acid (IV) whose structures have been 
established by synthesis. The polymer chains usually end with hydro- 


1,5 Frederick, Cogan, and Marvel, ibid., 56, 1815 (1934). 

,M Staudinger and Ititzenthaler, Ber., 68B, 455 (1935). 

1S7 Ryden and Marvel, J. Am. ('hem. Hoc., 57. 3311 (1935); 58 . 2047 (1930) ; Glavi^ 
Ryden, and Marvel, ibid., 69. 707 (1937); Ryden, Glavis, and Marvel, ibid., 59, 10 
(1937;; Marvel, Davis, and Glavis, ibid., 60, 1450 (1938); Marvel and Glavia, ibid., 60, 
2022 (1938) ; Marvel and Sharkey, ibid., 61, 1003 (1939); Marvel and Dunlap, ibid., 6 , 
2709 (1939). rf) ., 

m Snow and Frey, Ind. Eng. Chc.m., 30, 176 (1938); Fitch, U. S. 2,04»,o.- 

(1936); Frey and Snow, U. S. patent, 2,112,986 (1938); Frey, Fitch, and Snow, V. - 

patent, 2,114,292 (1938); Frey and Bury, U. S. patent, 2,118,813 (1938); 

patent, 2,136,028 (1938) ; Frey and Snow, U. S. patent, 2,184,295 (1939); 1,r ^’ ^ 

and Snow, U. S. patent, 2,192,467 (1940) ; Frey, Snow, and Fitch, U. S, patent, 

(1940) ; Frey and Fitch, U. S. patent, 2,192,466 (1940). s7 

m Hunt and Marvel, J. Am. ('hem. Soc., 57, 1691 (1935). See also reference is ■ 
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carbon units, as only in propylene polysulfone is there evidence of an 
acid group in the molecule. Most of the polymers arc alcohols, as they 
can be acylated with trichloroacetyl chloride. Ilencc the chain reaction 
apparently stops by the addition of the elements of water at the ends 
of the polymer chain. 

A large number of substances have been found to act as catalysts for 
the polymerization reaction. In addition to oxygen, peroxides, and 
actinic light, which usually cause addition polymerization reactions, it 
lias been reported 190 that nitrates, oxides of nitrogen, silver salts, and 
monovalent copper will catalyze polysulfone formation. Khar as ch and 
Slernfeld 191 have found that hydrogen chloride increases the activity of 
ascaridole as a catalyst and have been able to convert a trisubstituted 
olefin, 2-mcthyl-2-butene, to a polysulfone by this method. 

The polysulfones arc white, amorphous powders with relatively high 
melting points. They decompose at high temperatures to yield the 
original olefins or olefin derivatives and sulfur dioxide. 188 They are 
cleaved by alkalies to yield cyclic disulfones and other low-rnolecular- 
weight products. 

Those polymers have rather high molecular weights, which usually 
fall in the range of 50,000 to 200,000 on the basis of end-group analysis 
and viscosity of solutions. 187 They are soluble in various organic 
solvents if prepared from olefins with more than five carbon atoms. 

Aldehydes 

Aldehydes may polymerize to high-molecular- weight products in a 
number of fashions. The aldol condensation, for example, may be 
repeated successively with consequent formation of long-chain com- 
pounds. Formaldehyde may condense with itself to form the so-called 
formaldehyde sugars. The production of the polyoxymethylencs is, 
however, a different type of polymerization. The properties of these 
latter materials have been studied extensively by Staudinger. 111 

Evaporation of an aqueous solution of formaldehyde results in the 
formation of paraformaldehyde. This is a fairly low-molecular-weight 
polymer, of degree probably up to about 50. A polymer of the same 
type, but of somewhat higher degree, may be obtained by the addition 
of sulfuric acid. There are three possibilities for the mechanism of the 
polymerization. 

1. The condensation of formaldehyde molecules with a methylene 
filycol structure may occur as follows. 

191 F it°h and Frey, U. S. patent-, 2.113,5X4 (193S); U. S. patent, 2,192,4fiG (1940). 

Kharasch and Sternfeld, J. Chan. S<k., 62, 2559 (1940). 
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/OH /OCHoOH 

HCUO + II 2 O -> CII,( + HCHO -> CH< + HCIIO 

\)H X OH 

OCHoOCH>OH OCIIaOCIIa - * • OCHsOH 

i i 

Clb + IICIIO -> CHa 

1 1 

! I 

OH OH 

2. The condensation may proceed through a successive series of 
condensations of methylene glycol. 

HOCHsOH + HOCH 2 OII + ■ ■ • + IKXTioOH 

ii()cii 2 ()Cii 2 • • • ociiaoii + n,o 

3. The polymerization may proceed through (he carbonyl bond, 
probably with the addition of water to satisfy the end groups. 

IIiC=0+ HjC— 0 + ■ ■ ■ + IIoC— 0*-> • • • Clh OCII 2 OCII 2 OCTI 2 O • • • 

The latter mode of polymerization seems attractive as an expla- 
nation for the vcry-long-chuin polyoxymethylenes produced from liquid 
formaldehyde at low temperatures (-80°, -20°). These substances are 
generally glassy solids which heroine plastic when heated and can he 
drawn into fibers. The fibers lack the elasticity of the polyester and 
polyamide fibers, but the possibility of their formation seems to indicate 
a high molecular weight. There is probably no difference in chemical 
structure between the higher polyoxymethylenes and the lower para- 
formaldehydes. Sau ter 1W has described the molecular structure to be 
inferred from molecular diffraction patterns. 

In the lower ranges several modified structures may exist. If 
methanol is present in the aqueous solution, the polyoxymethylene 
may have one or both end groups present as methoxyl instead of the 
di hydrate structure. 

I£OCH*OCH 2 • • * OCHaOCIU 

ciijoniaOnTa ••• onuonu 

These compounds contain up to about 100 oxyrnot hylene units. Act bit 
end groups may also be introduced by acetylation. 

CHjCOOCHsOCIIj • • * OCHjOII 
CTI 3 COOCH 2 OCH 2 • * ■ OCIIjOCOCHs 


192 Sau ter, 2. phytik. Chem., B21, 101, ISO (!!):«;. 
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Phe dihj'dtate rcpiescnts a hcmiacctal structure and hence may 
be hydrolyzed by dilute acid or dilute alkali. The dimethyl ether 
is an acetal and is therefore stable to alkali, but may be hydrolyzed by 
acid. The diacetate may be decomposed by warm alkali and by dilute 
acid. 

As these compounds arc of relatively low molecular weight, end- 
group studies may be used for molecular-weight determinations. Hydrol- 
ysis of the dimethyl ether with dilute hydrochloric acid, for example, 
liberates methanol which may l>e determined analytically. 

There also exists a compound, a-trioxymelhvleue, which is appar- 
ently a t rimer (I). An analogous compound is also presumed to exist 
for acetaldehyde (II). Mixed compounds of this variety from two 


c;i 2 


CH S 

I 

CH 


0 0 


HoC (1U 


n 3 o 



0 

I 

CIT— CH, 


I 


II 


moles of an aldehyde and one mole of chloral have been described by 
Ilibbcrt . 183 Thioformaldehydo polymerizes very rapidly when pro parcel 
and is believed to assume a linear thiomethylene structure analogous to 
the polyoxymet hylcnes. 

The i>olymerizaiion of formaldehyde and acetaldehyde in the gaseous 
phase has been studied 191 and il was found that formic acid had a marked 
accelerating effect. The mechanism is presumed to be the following: a 
formic acid molecule condenses with a formaldehyde molecule leading 
to an intermediate which may then add formaldehyde successively to 
form a long-chain compound (III). It may also add formic acid at any 
Point and form an intermediate having two available hydroxyl groups 
(IV), both of which are capable of initiating polyoxymethylene chains. 
Hence the formic acid has the effect not only of initiating chains but 
also of causing them to branch (V). The reaction probably stops when 
a formaldehyde molecule reacts with a hydroxyl group at the end of a 
chain with loss of water (VI). 

The higher aliphatic aldehydes undergo a very curious polymcri- 
2 ation under high pressures . 1 ® 5 u-Butyraldehydc, n-valcraldehyde, and 

193 Gillespie, ami Montonna, J. Am. Chem. Sac., 50, 1050 (1928). 
t'urrutliers and Norrish, Tran ft. Faraday Sue.., 32, 195 (1930). 

135 L'cmant and Peterson, J. Am. ('him. Far., 54, G2S (1932). 



770 


ORGANIC CHEMISTRY 


OCHsOH OCILOCIIjOH 0(CH 2 0) n CH,0H 

I II' 

HCOOH + HCHO -4 OCH + HCHO -» OCH -> OCII I 



OH (OCH 2 )„OCH 2 OH 

I ./ 

0(CH 2 0) n CH 2 0ClI - 0(CH 2 0)„CH 2 0CH 

od;H L o^h ^(ocii^ocHjOii >r 

0(CH 2 0) n CH,ClI0 + HjO 

oil! 

VI 

??-hept aldehyde are transformed into hard, transparent solids by long 
treatment at 12,000 atmospheres. At 4000 to 6000 atmospheres with a 
benzoyl peroxide catalyst the product is white. Oxygen or peroxides 
act as catalysts for the reaction. The product is probably of the struc- 
ture indicated by formula VII. 

R R R R 


OH Oil CH CH 



VII 


The nature of the end groups is uncertain. The butyraldehyde 
polymer is insoluble in the common solvents but swells in benzene and 
toluene. Depolymerization may be effected by heating or by small 
amounts of aqueous acids or alkalies. 

Numerous other observations have been made on aldehyde poly- 
merizations. Glyoxal, for example, forms a polymer. Butyraldehyde 
on treatment with a little sodium hydroxide forms a series of higher- 
boiling products. Benzaldehyde under the influence of light forms 
resinous materials of the same elementary composition as the starting 
material. The structures of these materials, however, are uncertain. 

Cyclic Compounds 

The polymerization of cyclic compounds has been encountered 
previously in the polyesters (p. 707). Some lactones polymerize mor< 
or less readily to form long-chain polyesters. It is not certain whcthei 
a small amount of water intervenes to give the hydroxy acid, follow t' 1 
by successive addition of lactone rings, or whether the chain is bui 
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U p by simple coalescence of the rings. In any event, the stability of 
the lactone determines the rate of the polymerization. 

The cyclic compounds ethylene oxide, ethylene sulfide, and ethylene 
imine polymerize rather easily. Ethylene oxide has been studied by 
Staudingcr 111 and particularly by Hibbert, 136 Its polymerization is 
catalyzed by a number of materials, including stannic chloride, sodium, 
and trirnethylamine. The reaction may proceed so rapidly as to become 
explosive. The structure of the resulting polymer is that shown by 
formula L 

H0(CH 2 CH 2 0)„H 

I 


Hibbert and his co-workers 136 have shown that the reaction is a 
Mop wise addition of ethylene oxide to polyethylene glycols previously 
produced. Flory 197 has studied the ratio of the weight average to the 
number average molecular weight in this series and finds that it ap- 
proaches unity. The molecular weights vary considerably, but prepara- 
tions averaging about 120,000 have been recorded. The lower polymers 
have molecular weights in the range up to a few thousand. The poly- 
ethylene glycols wit h 3, 6, 18, 42, 90, and 180 repeating units have been 
studied by Lovell and Hibbert. 198 

By polymerization of ethylene oxide with alkaline catalysts, water- 
soluble waxes have been obtained. These are known commercially as 
“Carbowaxes.” 

Ollier oxides as propylene oxide may be polymerized with catalysts 
like stannic chloride. Cyelohexene oxide has been polymerized under 
pressure. 195 Ethylene sulfide polymerizes easily to a substance analogous 
lo that obtained from the oxide. 

Mechanism of Addition Polymerization Reactions 

As has been pointed out, the reactions leading to the formation of 
condensation polymers are considered to be of the same nature as the 
corresponding simple condensation reactions of organic compounds, 
such as esterification, etherification, amide formation, and aldol con- 
densation, differing only in the fact that the reactions arc capable of 
indefinite repetition. The extensive investigations of this type of poly- 
merization have shown 5,199 that the structure and size of the polymeric 
Molecules, as well as the kinetics of their formation, are in agreement 
' Vl th a mechanism involving successive condensation reactions, each 

186 See Perry and Hibtwrt, Hud., 62, 2599 (1940), for leading references. 

,w Flory, ibid., 62, 1501 (19-10). 

]3 ' Novell and Hibbert, ibid., 62, 2144 (1940). 

1,0 1‘ lory, ibid., 59, 106 (19o7) (condensation) ; 59, 241 (1927) (jiddilion). 
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individual stop being no more unusual or complex than the ordinary 
reactions of organic compounds. 

Addition polymerization, however, possesses certain peculiarities 
which clearly distinguish this type of reaction and which have led to 
many investigations and much speculation concerning the mechanism 
involved. The essential distinguishing feature is that the average 
molecular weight of the polymer molecules first formed is very nearly 
the same as the molecular weight of those formed later, in marked con- 
trast to condensation polymerization, in which the polymeric molecules 
continue to increase in size during the course of the reaction. In 
addition to this unusual mode of formation of addition polymers, any 
entirely satisfactory mechanism for the formation of these substances 
must, of course, also be capable of accounting for such structural con- 
siderations as orientation of the monomer units, end groups, and chain 
branching. 

The generally accepted explanation of these characteristics consists 
of a mechanism dividing the reaction into three steps involving (A) 
activation of individual monomer molecules, followed by (B) rapid 
reaction of the active form with successive molecules of monomer, 
retaining the activity, and finally (C) a loss of activity in some manner 
to yield a stable polymer molecule. 

The intimate mechanisms of these various steps in the process, 
initiation (A), propagation (B), and cessation (C), have been the sub- 
jects of extensive investigation, particularly by means of kinetics, cor- 
related with the average size and size distribution of the polymers. 
Styrene , 126, 127 ’ 128, 129 , 200, 201 ’ 202, 203 ' “° 4, 205 vinyl acetate , 206 methyl meth- 
acrylate, 17 -’ 200 and dienes 172 have been the monomers receiving most 
at t ention. They have been polymerized thermally or under t he in fluenre 
of such catalysts as peroxides, 200, 201, 206, 207, 206 metal halides , 204 alkali 
metals , 175 light , 172 or various free radicals, generated chemically 202, * w or 
photoehemically . 172 

The analytical procedures for following the rale of reaction have been 
isolation of the polymer , 128, 201 titration of the monomer by bromine, 204, “ 0J 
change in volume , 206, 209 and, most recently, the change in rotation on 

300 Norrish find Brookman, I ‘roc. Roy. Sue. (London), A171, 147 (1939). 

301 Schulz and Husemann, Z. phyjsik. Chan., B39, 240 (193-S). 

2rj2 Schulz and Wittig, X ulurwix&znschaftvn , 27, 387, 450 (1939). 

* M Schulz, ibid., 27, 059 <1939;. 

2(11 Williams, J. Chem. See., 775 (1940). 

305 Whitby, Trans. Faraday Sac., 32, 315 (1930). 

3f,c Cuthbertson, Gee, and Ridcal, Proc. Hoy. So c. (London), A170, 300 (1939) ; Kamen- 
skaya and Medvedev, Ada Physicoch int . ((’ .H.S.S.), 13, 505 (1940). 

2<n Marvel, Dec, and Cooke, J. Am. Chan. Sac., 62, 3499 (1940). 

201 Price and Kell. >hid„ 63, 2798 (1941). 

2l,a Starkweather and Taylor, ibid.. 52, 4708 (1930). 



SYNTHETIC POLYMERS 


773 


polymerization of optically active monomers. 207, 208 Owing to difficulties 
in analytical procedure, a majority of the investigations of the kinetics 
of polymerization has been carried out without a diluent 128a ’ 200, 206 or 
over such a wide range in mole fraction of solvent 1286 * 201 that any deduc- 
tions as to the mechanism are complex and difficult because of the 
possible effect of the change in solvent medium on the rates of the 
various steps involved in the reaction. 

In general, there have been two essentially different viewpoints with 
regard to the nature of the propagation reaction. That originally 
proposed by Staudingcr 210 and supported by many other investi- 
gators 128, 172 ’ 199 , 200 , 202 ’ 203, 208 has indicated a specific mechanism involv- 
ing addition of an active free radical to the double bond of a monomer 
molecule, generating a new free radical which can in turn add again to 
another monomer molecule. As a free radical chain reaction, polymeri- 
zations proceeding by such a mechanism should be characterized by 
being subject to strong inhibition by small amounts of such substances 
as hydroquinone or diphenylamine . 211 It is a well-known fact that 
small amounts of hydroquinone and other substances are capable of 
preserving such monomers as methyl methacrylate, styrene, vinyl 
acetate, and dienes. 

A second viewpoint regards the propagation reaction as an "energy 
chain /’ 205 in which an “activated” or “excited” monomer molecule adds 
to a normal molecule yielding an activated dimer which can add another 
monomer molecule, the process continuing until the activation is 
dissipated in some manner. 

For thermal polymerization in the absence of added catalytic agents, 
it has been suggested that the activation process might consist in the 
formation of a diradical , 201, 210 either unimolccular or bimolecular. 


I I (A) I I 

C=C — > -C — c- 

II II 

(B) j c=A 


II (A) II I I <r? Mill! 
20=C C — C — C — C- • c — c — c — c — c — c ■ 

II 1111 (B) 1 1 I I [ I 


Burk 212 and later Irany 213 


have clearly pointed out that a serious draw- 


5111 See Staudinger, Trans. Faraday Soc., 32, 97 (1930). 
!u See, e»g., Price, J. Am. Chew. Soc., 58, 1834 (1936). 
212 Burk, Inch ling. Own., 30, 1059 (1938). 

2,3 Irany, J. Am. Chem. Soc., 62, 2690 (1940). 
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back to this suggestion is the absence of cyclic polymers, especially 
trimers, which might be expected from such diradicals. 

The extensive investigations of Schulz 128 on the thermal polymeri- 
zation of styrene, alone and in various solvents, have indicated that the 
initiation process in this case may be a unimolecular activation of 
styrene, leading to a free radical propagation reaction between monomer 
and an active chain and a cessation reaction involving mutual deactiva- 
tion of two active free radical chains, either by coupling or, more prob- 
ably, by disproportionation. 1 " Breitenbach 214 has disputed the pos- 
sibility of drawing any safe conclusions concerning the intimate mecha- 
nism of a reaction from kinetic data over as wide a range of solvent con- 
centration as that employed in the investigations by Schulz, Husemann, 
and Dinglinger . 128 ' 201 However, Schulz and Wittig 202, 203 have clearly 
demonstrated the possibility of the initiation of polymerization by 
free radicals, using the dissociation of telraphenylsuccinonitrile 
(CeH*)aC — CXCeHjhI 202 and the thermal decomposition of benzene- 

i i 

CN CN T 


azotriphenylmethane [ (Cells) 3CN=NC6H 5 ] 203 as sources of free radicals. 
Melville 172 has also used free radicals to initiate the polymerization in the 
gaseous phase. The sources of free radicals were the mercury-vapor- 
sensitized photochemical dissociation of hydrogen into atoms and the 
photolysis of acetaldehyde. 

For the benzoyl peroxide catalysis of the polymerization of styrene, 
Schulz and Husemann 201 have concluded that the propagation and ces- 
sation reactions remain unaffected by the catalyst. The catalyst serves 
merely to increase the rate of the initiation reaction. Schulz has sug- 
gested a mechanism for the initiation reaction in the presence of per- 
oxides involving the equilibrium formation of a complex between the 
catalyst and styrene, which then decomposes to give an activated 
styrene molecule. At constant solvent concentrations, however, his 
data 201 show the rate to be proportional to the square root of the catalyst 
concentration, in agreement with the results of Cuthbertson, Gee, 
and Rideal 206 using the same catalyst with vinyl acetate. Melville - la 
has pointed out that such a dependence of the rate on the catalyst con- 
centration is strong indication of unimolecular decomposition of catalyst 
as the initiation process and mutual (bimolecular) deactivation of active 
chains as the cessation reaction. This view is supported by the kinetics 
of the peroxide-catalyzed polymerization of d- sec-butyl a-chloroacrylalc 
in dilute dioxane solution . 208 Price and Kell 208 have pointed out that 


2,4 Breitenbach, Z. physik, Chem B45, 101 (1939). 

21S Melville, Ann. Iiepta. Chem. Hoc. {London), 36, 01 (1939). 



SYNTHETIC POLYMERS 


775 


the specific nature of this unimolecular chain-initiating reaction of per- 
oxides is most probably their decomposition into free radicals, proposed 
by Hey and Waters 216 to account for the thermal decomposition products 
of acyl peroxides in various solvents. This suggestion has offered an 
excellent explanation for many of the unusual catalytic effects of per- 
oxides; 217 ■ 218, 219 the unimolecular nature of the process is supported by 
an investigation of its kinetics. 220 In support of the mechanism of 
chain initiation by free radicals from the decomposition of the acyl 
peroxides is the observation that polystyrene prepared with p-bromo- 
bcnzoyl peroxide as the catalyst contained bromine in approximately 
the correct amount for two halogen atoms per polymer molecule. 221 

This free-radical mechanism of peroxide catalysis may be illustrated 
by the following simple equations, in which M represents the monomer 
molecule and the dot indicates the odd electron of the free radical: 


Initiation (A) 

(ArC0 2 )2 

-> 2 ArC0 2 - 


ArCOr 

C0 2 + Ar 

Propagation (B) 

Ar- -f M 

-► Ar— M- 

Ar- 

-M- + M 

-> Ar — Mr 

Ar- 

-Mx- + M 

-> Ar-Mx 


Cessation (C) 


Ar— M*- + Ar — M„ — C — C - -> Ar— M x — H + Ar— M„— C=C 

i i i 

H 

or 

2 Ar — M x * — > Ar — M X M* — Ar 

Individual active polymeric chains may be deactivated and trans- 
formed into stable polymer molecules in several ways. For example, the 
free radical may lose a hydrogen atom from the adjacent carbon atom 
to give a polymer molecule terminated by a double bond, or it may 
acquire a hydrogen atom from some other molecule in the reaction 
mixture to give a saturated polymer. 216 Either of these processes, how- 

216 Hey and Waters, Chem. Rev., 21, 169 (1937). 

217 Kharaach, Mansfield, and Mayo, J. Am. Chem. Soc.. 59, 1155 (1937). 

2lH Kharasch and H. C. Brown, ihid., 61, 2142 (1939) ; 62, 925 (1940). 

219 Kharaach, Kane, and H. C. Brown, ibid., 63, 526 (1941). 

220 D. J. Brown, ihid., 62, 2657 (1940). 

221 Price and Kell, 101st Meeting of the American Chemical Society, St. Louis, Mo., 
A Pril, 1941. 
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ever, is merely a transfer of the active free radical, not its destruction, 
since one of the products in each case is a radical capable of generating 
a new active chain. 




It is significant to note that the formation of branched-chain poly- 
mers can be accounted for either by reaction of an unsaturated polymer 
molecule with an active chain or by means of the second transfer reaction 
above if the substance donating the hydrogen atom is a polymer mole- 
cule. Either or both of these reactions also account for the observed 
increase in molecular weight when polystyrene is treated with styrene 
under polymerization conditions 125 and for the occurrence of occasional 
methyl side groups reported on polystyrene chains . 124 



The nature of addition polymerization in the presence of such 
catalysts as boron fluoride, aluminum chloride, stannic chloride, or 
antimony penta chloride must involve a different sort of mechanism. 
Williams 204 has measured the kinetics of the polymerization of styrene 
in the presence of such catalysts and found the rate to be directly 
dependent on the catalyst concentration. 

Polymerization under these conditions may involve a polar chain 
mechanism, initiated by reaction of the catalyst with a monomer mole- 
cule. The catalysts are, in general, also effective catalysts for the 
Friedel and Crafts type of reaction which depends on the electrophilic 
(electron-accepting) nature of the catalysts . 222 

Hunter and Yohe 223 have suggested that the chain-initiating action 

112 See Price, Ch cm. Rev., 29, 37 (1941). 

223 Hunter and Yohe, J. Am. Cham. Son., 55, 1248 (1933). 
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of such catalysts depends on their electrophilic nature and consists in 
the acquisition by the catalyst of a pair of electrons from the double 
bond of the monomer. 


II oil 

MCI* + C~C -> C1 X M — C — C® 


(A) 


ell II e I I II 

CUM— C— C® + nO=C CUM— (C— C)„— C— C® (B) 

II II ‘ 


(C) 


HC1 + CU-iM — (C— C)„ — C=C (C) 


This mechanism is thus analogous to that suggested by Whitmore 224 for 
acid-catalyzed polymerization; in the latter case the electron-deficient 
(electrophilic) catalyst consists of a proton. Under conditions in which 
propagation is rapid compared with the loss of a proton from the active 
polymer, long-chain polymers would result; under conditions in which 
the reverse holds true, dimers and trimers would be the principal 
products. 

If the cessation reaction were the unimolecular loss of a proton, 
leaving a double bond at the end of the chain, the observations of 
Williams , 204 i.e., that the rate is directly dependent on catalyst con- 
centration, while the degree of polymerization is independent of catalyst 
concentration, would be accounted for. Furthermore, the polymer 
would be an organometallic compound, which may account for the 
difficulty encountered in freeing such polymers from the catalyst. 

In addition to the kinetics of the reaction, an entirely satisfactory 
mechanism for polymerization must account for the structure of the 
polymer obtained. In general, monomers with polarized double bonds, 
i e., those containing negative groups attached at one end of the vinyl 
grouping, such as styrene, acrylic esters, and vinyl esters, might be 
expected to polymerize in a head-to-tail fashion, regardless of which 
reaction mechanism is considered. This has been found to be true for 
most of the addition polymers which have been investigated. The 
o-haloaerylates , 153 which polymerize head-to-head, lail-to-tail, appear 
10 be an exception to the general behavior of this type of compound, 
and there is at present no satisfactory explanation for this. 

254 Whitmore, hid. Eng. Chew., 26, 94 (1934). 
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INTRODUCTION 

The reduction of organic compounds may be accomplished by either 
of two general methods: (a) treatment with chemical reducing agents or 
( b ) reaction with molecular hydrogen in the presence of a catalyst. The 
second process is termed hydrogenation when hydrogen is added to a 
double or triple linkage. Cleavage of a molecule by combination with 
hydrogen in the presence of a catalyst is termed hydrogenolysis . Both 
these processes have been proved to be valuable tools in synthetic 
organic chemistry. It is the purpose of this chapter to provide the fun- 
damental background for an understanding of these reactions and for 
their employment in the laboratory. 

The number and nature of the publications in this field are. such that 
no critical or comprehensive survey can be made at the present time. 
Books by Sabatier-Roid (1922) and especially by Ellis (1930) give a 
general idea of the historical development and wide application of the 
catalytic combination of hydrogen with organic compounds. Recent 
developments are summarized in the Reports of the Committee on Ca- 
talysis published by the National Research Council. The present discus- 
sion will therefore be limited to the consideration of the reduction of 
common functional groups, in the presence of the catalysts, nickel, cop- 
per chromite, platinum, and palladium, with such comments on the 
experimental conditions, temperature, pressure, and solvents as may he 
necessary. 

GENERAL METHODS AND APPARATUS 

Four general methods for carrying out the reaction are used. 

1. A mixture of hydrogen and the vapors of the organic compound 
are passed through a tube containing the catalyst maintained at a suit- 
able reaction temperature, 20° to 400°. The proper rate of flow must be 
determined in order that complete reduction will be effected. fh ]> 
method, introduced by Sabatier in 1897, is not applicable to non- volatile 
substances, is difficult to control, and hence is of limited applica- 
tion. 
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2. Hydrogen is bubbled through the compound dissolved in a solvent 
in which the catalyst is suspended. Atmospheric pressure and temper- 
atures ranging from 20° to the boiling point of the compound or the 
solution may be used. This procedure is wasteful of hydrogen and 
difficult to control. It is used to a limited extent in a few reductions 
such as the Rosenmund (p. 808). 

3. The compound or a solution of the compound is agitated vigor- 
ously with the catalyst and hydrogen at a pressure of 1 to 4 atmospheres 
and temperatures of 20° to 60°. Usually the process is carried out in a 
heavy-walled glass bottle mounted in a shaking device and attached to a 
small hydrogen cylinder fitted with a pressure gauge. A convenient 
apparatus is shown in Fig. 1. 

Once the apparatus has been calibrated, the course of the reduction is 
followed by noting the fall in pressure. This method is useful for the 
reduction of functional groups which are easily reduced at low pressures 
and temperatures with catalysts which are active at 20° to 60° such as 
platinum, palladium, and Raney nickel. Because of the limited pres- 
sure and temperature ranges this method cannot be used for the more 
difficult hydrogenations or hydrogenolyses. 

4. The fourth process consists in agitating the compound or a solu- 
tion of the compound -and the catalyst with hydrogen at high pressures, 

50 to 300 atmospheres, and at temperatures ranging from 20° to 400°. 
A special steel reaction bomb is used fitted with a pressure gauge as 
shown in Fig. 2. The vessel is mounted in an electrical heating jacket 
the temperature of which is controlled by means of a thermocouple and 
electrical control system. One convenient type of apparatus is shown in 
Fig. 3. The course of the reduction is followed by noting the pressure 
drop at the operating temperature. Usually it is convenient to calibrate 
each bomb at several temperatures with a known compound. 

This fourth procedure was introduced by Ipatieff in 1904 but was 
not widely used until the improvements in the alloys for the bombs and 
design of reaction equipment made high-pressure reductions relatively 
inexpensive, convenient, and safe. A detailed description of the appa- 
ratus and a summary of reductions by this fourth process have been given 
by Adkins. 

From the practical point of view, methods 3 and 4 above have proved 
h) be of greatest utility in the laboratory. Most of the reductions 
described in this chapter were carried out by one of these methods. 

In order to effect complete reductions smoothly in the minimum 
amount of time, it is necessary that the compound being reduced be 
Pare and that a pure solvent be employed. All catalytic processes are 
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adversely affected by “poisons”; care must therefore be taken to keep 
the apparatus clean, to use pure compounds, and to prepare the catalyst 
by following exactly the procedures which have been found to produce 
active catalysts. 

PREPARATION OF CATALYSTS 
Colloidal Forms 

Platinum. Paal 2 prepared a platinum sol by adding hydrazine 
hydrate to chloroplatinic acid dissolved in a 2 per cent solution of sodium 
protalbate or lysalbate neutralized with alkali. After reduction was 
complete the salts were removed by dialysis and the solution evaporated. 
Black platinum solutions containing from 6 to 78 per cent platinum were 
obtained. These colloids are precipitated by acids. Reduction of a 
1 per cent solution of chloroplatinic acid by hydrogen in the presence of 
gum arabie 3 yields a colloidal sol stable in the presence of acids. Col- 
loidal forms of platinum have also been prepared using lanolin 4t 6t 6 as a 
protective agent. Colloidal hydrosols of platinic hydroxide have also 
been prepared. 6 

Palladium. Colloidal sols containing up to 07 per cent palladium 
protected by sodium protalbate were prepared by Paal 2 by the same 
procedure described above for platinum. Gum arabie, 3 soluble starch, 7, 8 
and gluten 9 have been used as protective agents to obtain colloidal sus- 
pensions of finely divided palladium. Palladous hydroxide stabilized by 
gum arabie 6 or lanolin 5 lias also been used. An organosol of palladium 
ole ate may be obtained by the action of sodium oleate on ammonium 
palladium chloride. 10 

These colloidal sols of platinum and palladium were used as catalysts 
in many of the early reductions but are not widely used at the present 
time because difficulties are experienced in obtaining a uniformly active 
catalyst and in isolating the products from reductions. 

1 Paal, Ber., 35, 2195 (1902). 

2 Paal and Amberger, Bar., 37, 124 (1904). 

3 Skita and Meyer, Ber., 45, 35S9 (1912). 

4 Amberger, Kolloid-Z., 13, 310 (1913). 

fi Paal and Amberger, U. S. pat., 1,077,S91 (1913). 

8 Skita and Meyer, Ber., 45, 3579 (1912). 

1 Bourguel, Bull. soc. chim., [4] 41, 1443 (1927). 

8 Bourguel, ibid., [4] 43, 231 (1928). 

9 Kelber and Schwarz, Ber., 45, 1946 (1912). 

10 Sulzberger, U. S. pat., 1,171,902 (1916). 
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Amorphous Forms 

Platinum Black. 1. By the Reduction of Soluble Sails. Platinum 
black is usually prepared by the method of Loew, 11 whose procedure has 
been modified by Willstatter and Ilatt, 12 by Wills tatter and Wald- 
schmidt-Leitz, 13 and again by Feulgen. 14 According to the procedure of 
Feulgen, a 50 per cent solution of chloroplatinic acid is reduced by 
means of a 40 per cent formaldehyde solution made strongly alkaline 
with sodium hydroxide. After thorough washing the reduced metal is 
dried in a vacuum desiccator over sulfuric acid. 

Some hydrogenations may be carried out successfully by reducing a 
platinum salt with hydrogen in the presence of the material to be hydro- 
genated. According to the procedure of Paal 15 a variety of platinum 
compounds such as chloroplatinic acid, potassium chloroplatinatc, 
platinous chloride, etc., may be added in powdered form, in aqueous 
solution, or suspended in fat or mineral oil, to an unsaturated fat or fatly 
acid. Hardening of the fat takes place when hydrogen is passed into the 
mixture under a pressure of 2-3 atmospheres at 80° C. The water is 
evaporated out first if an aqueous solution of the catalyst has been used. 
Paal recommends addition of sodium carbonate to neutralize the acid 
liberated when the platinum salts arc reduced, but Skita 16 has described 
a similar procedure in which no alkali is used and hydrochloric acid is 
sometimes added. Skita adds the platinum salts in aqueous solution 
and does not remove the water prior to the reduction. 

2. By Reduction of Oxides. The oxides of platinum, which are easily 
reduced by hydrogen at room temperature to the amorphous form of the 
metal, are good hydrogenation catalysts. 17 The most active catalyst is 
obtained from platinum dioxide which is prepared by fusion of chloro- 
platinic acid with an excess of sodium nitrate at 500 to 550° C. according 
to the procedures developed by Adams, Voorhees, and Shriller. 18, 1,1 19 
The melt is allowed to cool and is dissolved in water; the hydrated 
platinum dioxide is removed by filtration and thoroughly washed with 

11 Loew, Bcr., 23 , 289 (1890; . 

12 Willstatter and Hatt, Btr., 45, 1471 (1912). 

18 Willstatter and Waldschrnidt-Leitz, Bcr., 54, 113 (1921). 

14 Feulgen, Ber., 54 , 300 (1921). 

15 Paal, U. S. pat., 1,023,753. 

** Skita, U. S. pat.., 1,003,740 (1913); French pat., 447,420 (1912); Brit, pat., 28, /o* 
(1912); Brit, pat., 18,990 (1912); J . Hoc. Chcm. Ind. t 32 , 253 (1913); Brit, pat., 10, 
(1913). 

17 Adams and Shriner, i bid., 45, 2171 (1923). 

18 Voorhees and Adams, J, Am. Chcm. Hoc., 44 , 1397 (1922). 

19 “Organic Syntheses,” Collective Vol. 1, John Wiley & Sons, New York (1932), P* 

See also Cook and Linstead, J. Chcm, Hoc., 952 (1934) ; Bruce, Org. Hyn., 17 < 98 (193i 
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] per cent sodium nitrate solution. The oxide is readily reduced to 
platinum black when a suspension of it is shaken with hydrogen. The 
oxide may be reduced before addition of the compound being hydro- 
genated, or it may be added along with the compound and then shaken 
with hydrogen. 

3. Supported Platinum Catalysis. Platinum black is often precipi- 
tated on an inert carrier when it is used as a hydrogenation catalyst. 
Among the materials most frequently used as carriers are barium sulfate, 
activated charcoal, calcium carbonate, kiesclguhr, and silica gel. The 
inert material is suspended in a weak solution of chloroplatinic acid and 
warmed for several hours at 40-50°. Sodium carbonate solution is then 
added to neutralize the acidity. The platinum is precipitated on the 
carrier in the form of the hydroxide. The catalyst can be filtered, washed 
with water, and dried in a vacuum desiccator. Enough chloroplatinic 
acid is usually used to give a product containing 2-5 per cent of plat- 
inum. 20, 21 A platinum catalyst employing silica gel as a carrier has been 
prepared by Reyerson and his co-workers 221 23 ’ 24 by evacuating silica 
gel to remove the air, then saturating with hydrogen at a temperature of 
15-30°, and treating with a platinous solution obtained by reducing 
chloroplatinic acid with sulfur dioxide. The platinum is reduced to the 
free metal by the hydrogen in the gel. 

Asbestos has also been employed as a earlier for platinum black. 
The asbestos is usually soaked in a solution of chloroplatinic acid, and 
the metallic platinum is deposited by reduction with formaldehyde and 
alkali, 24 or by reduction with hydrogen at 150° C. after the asbestos has 
been dried. 25 

Zeolites have been used as carriers for platinum. The artificial 
zeolite, sodium pennutito, can be heated until most of the w 7 ater is driven 
out and then soaked in a solution of chloroplatinic acid. Drying and 
healing, followed by removal of soluble salts by washing, gives a plat- 
inum zeolite. 26 

Palladium Black. 1 . By Reduction of Soluble Salts. Palladium black 
is often prepared by the reduction of solutions of palladium salts with 
sodium formate or with formaldehyde. 27 The sodium formate reduction 


20 Houhen-Wcyl, “Die Methoden dor orgunisehen Chemic, Vol. 2, p. 499. 

21 Kaffer, Her., 57, 1201 (1924). 

22 Uatshaw and Reyerson, Am. Chan. Soc., 47, 610 (1925). 

23 Morris and Reyerson, J. Phys. Ckcm., 31, 1220 (1927) ; J. Inst. Petroleum reck., 221 A 
(1927) ; phys. Chew.. 31, 1332 (1927). 

21 Zelinsky and Turova-Poll ak, Bcr., 58, 1298 (1925). 

25 Barratt and Titley, J. Chem. Soc.. 115, 902 (1919). , OCQ 

, 2S Mittasch, Schneider, and Morawitz. U. S. pat., 1,215.396 (1917); Brit. pat.. 1.358 
(1915), 

^ 27 Houben-Wcyl, “Die Methoden der organisehen Chemic,” Vol. 2. p. 498. 
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is carried out by slow addition of formic acid to a solution of palladium 
chloride made somewhat basic with sodium hydroxide. Reduction by 
formaldehyde is carried out by addition of 33 per cent formaldehyde 
solution and a 50 per cent potassium hydroxide solution to a dilute solu- 
tion of palladous chloride containing hydrochloric acid. In either pro- 
cedure the palladium black is filtered from the solution, washed with 
water on the filter, and dried over sulfuric acid in vacuo. 

With palladium, as with platinum, some hydrogenations may be 
carried out by mixing palladous salts with the material to be hydro- 
genated. Procedures have been worked out by Paal 16 and Skit a 16 
which arc the same as those described above in which platinum salts 
were used. 

2. By Reduction of Oxides. An active palladium black catalyst is 
obtained when palladous oxide, prepared by the method of Shrincr and 
Adams, 19, 28 is reduced by hydrogen in the presence of the substance to 
be hydrogenated. Palladous chloride is fused with sodium nitrate, and 
the temperature is raised to 575-600° to produce palladous oxide. The 
melt is cooled and treated with distilled water. The oxide is removed by 
filtration and washed with a I per cent solution of sodium nitrate. 

8 . Supported Palladium Catalysts. Barium sulfate often serves as a 
carrier for palladium when it is used as a hydrogenation catalyst. The 
usual method for the preparation of this catalyst is that of Schmidt. 28, 29 
Barium sulfate which has been precipitated from a hot solution is sus- 
pended in water and treated with a dilute solution of palladous chloride. 
The palladium is reduced to the free metal by addition of a solution of 
formaldehyde (40 50 per cent) made alkaline to litmus with sodium 
hydroxide; the mixture is boiled until the solution becomes colorless, 
The catalyst, a gray residue, is then filtered off, washed thoroughly with 
hot water, and dried in a desiccator over potassium hydroxide. 

Various types of activated charcoal have served as carriers for 
palladium. Several methods of preparation have been developed, 30, 31 ’ 3 " 
but those used by Ilartung 33 and by Ott and Schroter 34 are perhaps the 
simplest and best. Activated charcoal is shaken with a solution of 
palladous chloride in an atmosphere of hydrogen until saturated. The 
charcoal containing the palladium is filtered, washed, dried, and kept m a 
vacuum desiccator. 

28 Shriner and Adams, J. Am. Chem. Soc., 46, 1083 (1924). 

2a Schmidt, Iier., 52, 409 (1919) ; Ger. pat., 252,136. 

30 Sabalitschka and Moses, Her., 60, 800 (1927). 

31 Mayer and Stamm, Her. 56, 1424 (1923). 

32 Mannich and Thiele, Iier. dent. 7 >harm. Gcs., 26, 36 (1916). 

33 Ilartung, ./. Am. Chem. Hoc., 50, 3370 (1928) ; J. Sue. C 'hem. Ind., 548 (1910). 

31 Ott and Schroter, lier., 60, 033 (1927). 
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Calcium carbonate has also been used as a support for a palladium 
catalyst. According to the method of Busch and Stove, 35 calcium car- 
bonate prepared by the treatment of a hot solution of calcium chloride 
with sodium carbonate is suspended in water and a solution of palladous 
chloride is added. The mixture is gently warmed until the palladium is 
deposited on the carbonate as palladous hydroxide, and the catalyst is 
washed a few times with distilled water by decantation. It is then 
filtered, washed on the filter until free of chlorides, using as little water as 
possible, and dried. Reduction of the palladous hydroxide takes place 
during hydrogenation. 

Palladium catalysts supported on silica gel have been described. 20 
Latshaw and Reycrson 22 have prepared such a catalyst in the same 
manner as they prepared their platinum-silica gel catalyst described 
a bovc. Silica gel which has been exhausted in a vacuum and then sat- 
urated with hydrogen is treated with a solution of ammonium chloro- 
pnlladito. The palladium is reduced by the hydrogen and deposited on 
the gel. The catalyst is then washed and dried. 

Kiesclguhr is another support which has been used for palladium. 
Sabalitschka and Moses 30 prepared such a catalyst by shaking kiesel- 
guhr with a very dilute solution of palladous chloride until all the salt 
was adsorbed, then reducing by shaking the suspension with hydrogen. 
The catalyst was then filtered from the solution, washed thoroughly 
with water, and dried. 

Palladium zeolites have been prepared and reduced to give a sup- 
ported palladium catalyst. 26 Sodium peraiutite is digested with a dilute 
solution of palladous chloride containing a little hydrochloric acid until 
the palladous ion is removed from solution. (The solution becomes 
colorless. ) The material is washed thoroughly and then reduced with 
hydrogen at 150-200° or with formaldehyde at a lower temperature. 

Sch war email 36 has suggested metallic sesquioxides such as aluminum 
oxide as carriers. This catalyst was prepared by precipitation of a 10 
per cent solution of aluminum sulfite by its equivalent of 20 per cent 
sodium hydroxide at 77° C. After the precipitate is washed it is boiled 
with a 0.3 per cent solution of palladous chloride, lhe catalyst is filtered, 
washed, and dried at 77° C. A platinum catalyst may be prepared in 
similar fashion, but is less active. 

Nickel. Until recent yearn the type of nickel catalyst most commonly 
used in the laboratory was prepared by reducing with hydrogen a nickel 
compound which had been deposited on a suitable inert, porous support, 
f'he support was impregnated with a nickel salt, and then nickel hydrox- 

35 Busch and Stove, Bcr., 49, 1003 (1010). 

36 Schwarcman, U. S. pat., l.Ul.fiOU (101*1). 



788 


ORGANIC CHEMISTRY 


ide or carbonate was precipitated by the addition of sodium or ammon- 
ium hydroxide or carbonate. The support was then washed free of 
soluble salts and dried, and the resulting nickel oxide was reduced with 
hydrogen at 300° to 450°. In order to facilitate the washing process the 
use of nickel nitrate and ammonium carbonate has been recommended, 
but if the cost of the salts is an important factor the sulfate or chloride 
and sodium hydroxide is satisfactory. The activity of the catalyst is 
determined by many details such as the type of support, the exact pro- 
cedure followed, the purity of the reagents, the temperature and rate 
of reduction of the nickel oxide, and the presence of other oxides. A 
satisfactory procedure for the preparation of nickel on kieselguhr has 
been described. 37 

Raney Nickel. The most common nickel catalyst today is that pre- 
pared according to a process invented by Murray Ranej'. 38 It is com- 
mercially available as an alloy containing approximately equal weights 
of nickel and aluminum and corresponding to the formula NiAl 2 . The 
aluminum is dissolved out of the alloy with sodium hydroxide, and the 
residual nickel, after thorough washing, Is stored under water, alcohol, 
ether, dioxane, methyleyelohexane, or other liquid. A suitable procedure 
for the preparation of the catalyst from the alloy is described ly Mo- 
zingo. 39 The Raney nickel catalyst is active for some compounds at lower 
temperatures than the supported nickel catalyst, and it is much more 
accessible and convenient. It is not so readily suspended in a reaction 
mixture, and the amount of nickel required for a given hydrogenation is 
many times greater than for a nickel on kieselguhr catalyst. 

Cobalt has often been suggested as equal to or superior to nickel as a 
catalyst for certain types of hydrogenation, but there appears to be no 
unequivocal evidence on this point. 

The addition of other metals such as copper, zinc, chromium, molyb- 
denum, iron, cerium, occasionally seems to improve the catalytic action 
of nickel. G. B. L. Smith and associates 40 in recent year’s have pub- 
lished a series of papers in which are described the beneficial effects of 
adding platinum to Raney nickel. 

Copper Chromite. A large number of oxides, such as zinc oxide, 
nickel oxide, copper oxide, chromium oxide, and molybdenum oxide, 
for instance, arc catalysts for hydrogenation, but in general they suffer 
from two disadvantages. They either require a high temperature (300 
to 500°), or else they are readily deactivated by reduction. Copper oxide 

:T Covert, Connor and Adkins, J. Am. Cham. Hoc., 54, 1651 (1932), also P- 
“Reactions of Hydrogen.” 

38 Murray Raney, U. S. pat., 1,628,190 (May, 1927). 

39 Mozingo, Org. Syntheses, 21 (1941), John Wiley & Sons, New York. 

40 Reasenberg, Lieber, and Smith, G. B. L., J. Am. Chan, Hoc., 61, 384 (19.TJ). 
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in particular suffers under the second handicap, but if it is combined 
with chromium oxide it is stabilized against reduction without losing 
its catalytic activity. Presumably, the catalyst Is present as copper 
chromite CuCr 2 0 4 (Groger) 41 The presence of small amounts of barium 
or calcium chromite in the catalyst mass tends to stabilize the divalent 
copper against reduction. The catalyst may be made in many different 
wavs, but the most, satisfactory method is by the thermal decomposition 
of copper ammonium chromate, 42 prepared by mixing ivater solutions 
of a copper salt, a chromate, and ammonium hydroxide. It is not neces- 
sary to wash the precipitate, but only to dry it and heat it to a suitable 
temperature (150-250°), when it decomposes rather violently. The 
catalyst is then washed with dilute acetic acid and water and dried. The 
finely divided black catalyst may be kept indefinitely. 

Copper chromite is active in the temperature range of 100° to 300° 
but usually requires hydrogen pressures of 100 to 300 atm. At tempera- 
tures above 300°, or in the presence of water, acids, or ammonia, it is 
likely to be reduced to a red cuprous compound which has little catalytic 
activity for hydrogenation. 

Other Oxides. Zinc oxide is active as a catalyst for hydrogenation 
from 300° to 400°. Zinc chromite has been particularly useful for the 
hydrogenation of carbon monoxide to methanol. Zinc chromite is also 
active for the hydrogenation of esters to alcohoLs at 300° to 350°. It is 
noteworthy that by its use an unsaturated ester such as ethyl oleate can 
be hydrogenated to the corresponding unsaturatod oleyl alcohol. 43 How- 
ever, the product always contains considerable quantities of the saturated 
octadeeyl alcohol. Molybdenum sulfide has been recommended for the 
hydrogenation of sulfur-containing compounds at 350° to 400°. 

Patent claims for these and many other substances have been made. 
Unquestionably, man} 7 compounds not mentioned above have merit as 
catalysts for hydrogenation, dehydrogenation and disproportionation, 
especially for temperatures above 300°; but platinum, palladium, nickel, 
and copper chromite are certainly the most useful catalysts in the 
organic laboratory at the present time. A table showing over sixty 
hydrogenation catalysts with comments on their preparations, activities, 
an d uses is given by Williams and Beeck. 44 

11 Grijgor, Z. anorg. Chcm., 58, 412 (1908) ; 76, SO (1912). 

42 Connor, Folkcrs, and Adkins, J. Am. Chcm. Soc., 54, 1138 (1932), also p. 13, “Reac- 
tions of Hydrogen.” Lazier and Arnold, Org. Syn., 19, 31 (1939). 

43 Sauer and Adkins, J. Am. Chcm. Soc. , 59, 1 (1937). 

44 Williams and Beeck, “Twelfth Report of the Committee on Catalysis, p. 114 
John Wiley & Sons ( 1940 ). 
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THE ROLE OF THE CATALYST IN HYDROGENATION 

The following discussion outlines a working concept of the role played 
by the catalyst in hydrogenation . 45 The hypothesis suggested ration- 
alizes a multitude of observations, many of which are otherwise anom- 
alous. Xo attempt will be made to enter into the fine details of the 
mechanism of catalysis. It will be assumed that we are concerned with 
the ordinary chemical reactions of hydrogen, catalyst, and hydrogen 
acceptor with one another. 

A catalyst may be defined as a substance that accelerates or causes a 
reaction to take place. Catalysis is concerned with the influence of one 
molecule upon the behavior of another molecule. This definition 
assumes that two molecules, such as those of hydrogen and ethylene, do 
not react with each other except under the influence of a third substance, 
such as nickel. The catalysts for hydrogenation apparently function 
by combining with the hydrogen and with the compound to be hydro- 
genated (hydrogen acceptor). The result of this combination with the 
catalyst is that the hydrogen and hydrogen acceptor react with each 
other. Simply expressed, molecules of hydrogen and molecules of 
ethylene are inert toward each other, but hydrogen attached to nickel 
may react with ethylene attached to nickel to give ethane. The ethane 
then leaves the nickel, permitting the metal to react with more ethylene 
and hydrogen and so repeat the process of hydrogenation. 

What are the characteristics of a “good” or effective catalyst upon 
the basis of this simple concept of the role of the catalyst? First, a good 
catalyst must be stable under reaction conditions, and many of the 
things that are dime in preparing and using a catalyst are connected with 
stabilizing it against change. Probably many so-called promoters merely 
tend toward stabilizing the catalyst rather than enhancing its activity. 
Certain catalysts, ('specially those* used in catalytic oxidation, such as 
copper, silver, vanadium oxide, and molvbdenum-iron oxide, are con- 
stantly renewing their surfaces by alternate oxidation and reduc- 
tion. 

A change in experimental conditions may render a catalyst usek^ 
because it can no longer maintain the active form. For example, coppei 
chromite, an excellent catalyst for hydrogenation in the liquid phase, in 
many cases is not so satisfactory in the gas phase. This is because ] 
divalent copper in the active catalyst is more readily reduced by hydro- 
gen if the copper chromite is not, wet. An excess of water facilitates | 
dehydrat ion of alcohols over alumina, whereas an excess of aminonu 18 

45 Adkins, Ind. and Eng. ('hem., 32, 1189 (1940). 
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advantageous in dehydrogenating amines. These various reagents prob- 
ably improve the; processes because they maintain the catalyst in the 
proper state of oxidation or because they prevent the accumulation of 
bv-products on the active surface. 

A good catalyst for hydrogenation must combine several distinct 
characteristics or abilities in addition to maintaining its active state 
under reaction conditions. 

1. It must adsorb and activate hydrogen. 

2. It must adsorb and activate the hydrogen acceptor. 

3. It must hold them in the proper ratio and space relationship. 

4. It must desorb the reduced compound. 

The present discussion is primarily concerned with several types of 
observations, which may be rationalized in terms of the sequence of 
reactions on the catalyst outlined above. First, consider an example of 
(he results of a variation in the proportion of the hydrogen and hydrogen 
acceptor on the surface of the catalyst, as described by Craxford, 46 for the 
Fischer-Tropsch synthesis of hydrocarbons. In this process carbon 
monoxide and hydrogen at atmospheric pressure arc passed over a 
cobalt, iron, or nickel catalyst held at about 200°. During the first 
few hours after the catalyst is put into service there is a large amount of 
hydrogen on the catalyst, and methane is the chief product. After a 
time the amount of hydrogen on the catalyst is much less than in the 
early stages, and hydrocarbons containing many carbon atoms in each 
molecule are produced. That is, in the early stages with an abundance 
of hydrogen on the catalyst, there is no opportunity for carbon atoms to 
combine with one another to form long chains, for each carbon (as cobalt 
carbide) is adjacent to adsorb'd hydrogen so that methane is the main 
product. After the first few hours of use there is less hydrogen on the 
catalyst and therefore more chance for synthesis by interaction of 
adjacent carbon atoms. In the above instance the change in the propoi- 
tion of products is due to the change in the surface of the catalyst so that 
after a time hydrogen is held in lesser amounts than by the newly pre- 
pared catalyst. 

The proportion of the products from the hydrogenation of a given 
compound may also be rather profoundly modified by a variation in the 
pressure of hydrogen. For example, at 120 atmospheres, a-oximmoaceto- 
nectic ester gives mainly a pyiazine, formula I, when hydrogenated o\er 
nickel at 80°; at 320 atmospheres the hydrogenation gives a-ammo- 
0'liydroxy butyric ester, formula 1 1 : 4 ' 

° Craxford, Trans. Faraday Sac., 35, IMG (lfl.tO). 

47 Adkins and Reeve, J. Am. Che in. Sue., 60, l.i-S (1938)- 
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The formation of the pyrazinc depends upon the reaction of two mole- 
cules of the oximino ester. At the higher pressure there would be mom 
hydrogen on the catalyst and therefore less probability that two mole- 
cules of the oximino ester would be near enough to each other on the 
surface of the catalyst so that interaction would be possible. 

A slow hydrogenation of an ester, due to a low pressure of hydrogen 
or other cause, is likely to give considerable amounts of a high-molecular- 
weight ester. For instance, octadecyl stearate will be produced by the 
hydrogenation of ethyl stearate. This result may be rationalized if it is 
assumed that stearaldehyde is an intermediate step in the hydrogenation. 
If the aldehyde is not quickly hydrogenated, two molecules may inter- 
act according to the Tishchenko reaction to give octadccyl stearate: 

Ci 7 Il33C0 2 C 2 H* + Ho -► C17H35CIIO + C0H5OII 
2C17II35CHO C I7II35CO2C IT 2 C 17II35 


It may thus be said that a low concentration of hydrogen on the sur- 
face of the catalyst favors synthetic reactions which involve, two or more 
molecules of hydrogen acceptor. Such a low concentration of hydrogen 
is advantageous in the Fischer-Tropsch process, which is therefore car- 
ried out at a low pressure of hydrogen. A high pressure of hydrogen is 
advantageous in hydrogenations where condensation with the produc- 
tion of high-molecular-weight compounds is not desired. 

The importance of having the right projiortion of the two reactants 
upon the surface of the catalyst is also shown in the, hydrogenation of 
acetylene on platinum. Farkas and Farkas 48 observed that the rate of 
hydrogenation was decreased by an increase in the pressure of acetylene 
from 70 to 150 mm., while an increase in the pressure, of hydrogen in- 
creased the rate of hydrogenation. It is obvious that there was a defi- 
ciency in the amount of hydrogen on the platinum catalyst, and that too 
much acetylene was adsorbed. 

The hypothesis outlined above offers an explanation of observation* 
on the relation of the pressure of hydrogen to the rate of hydrogenation. 
For example, platinum and palladium are active at pressures near atmos- 
pheric, copper chromite requires pressures of 50 to 300 atmospheres, and 
48 farkas and l''nrkas t ibid., 61, 3390 (1939). 
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nickel is somewhat intermediate in its pressure requirements. These 
observations are understandable if it is assumed that platinum and 
palladium take up enough hydrogen at atmospheric pressure in propor- 
tion to the amount of hydrogen acceptor adsorbed, whereas copper 
chromite does not have sufficient hydrogen on its surface except at rela- 
tively high pressures. 

With a given catalyst the effectiveness of increased pressure of 
hydrogen varies with the particular hydrogen acceptor involved. For 
example, higher pressures of hydrogen arc much more important with 
esters such as ethyl trimethylacetate or diethyl camphorate than with 
straight-chain esters which have no branching on the carbon atom alpha 
to the carbethoxy group. This observation is understandable in terms 
of the picture of the reaction process sketched above. In order for reac- 
tion to take place, hydrogen must be adsorbed on “active centers” of 
the catafyst sufficiently close to the carbethoxy group for reaction. The 
branched-chain esters will tend to cover a larger area of the catalyst than 
the straight-chain esters. Therefore a higher pressure of hydrogen is 
required to overcome the shielding effect of the branched chains on 
active centers of the catalyst adjacent to the carbethoxy group. 

The commonly accepted picture of the surface of the catalyst is one 
in which active centers for adsorption are distributed over the surface. 
The active centers presumably consist of atoms whose valence forces are 
not entirely satisfied by other atoms in the surface of the catalyst. These 
active centers vary in activity. For example, a given center may be 
sufficiently active to combine with ethylene but not with hydrogen, 
whereas another center may be so strong that it will hold hydrogen as 
well as ethylene. The activity of these centers may change with the use 
of the catalyst, as has been illustrated in the case of the catalyst for the 
Fischer-Tropseh process. The number of centers of a given degree of 
activity available per unit area of the catalyst is often small. Almquist 
and Black 49 concluded that in the hydrogenation of nitrogen to am- 
monia only one in two thousand atoms ot iron in the catalyst mass was 
active. The number and activity of the active centers in a catalyst are 
determined in part by the particular procedure followed in the prepara- 
tion of the catalyst. 

There are no experimental methods which show conclusively that the 
spacing of the active centers on the catalyst determines the rate or direc- 
tion of the reactions brought about by the catalyst. By inference, many 
facts suggest that the space relations on the catalyst surface are of 
Primary importance. The variation in relative reactivity among organic 
compounds with variation in the size and shape of molecules shows con- 

19 Almquist and Black, ibid., 48, 2S14 (1930). 
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clusively that storic factors may determine the speed of reaction arid the 
proportion of products, as illustrated by differences between the behavior 
of geometrical isomers in catalytic hydrogenation. If variation in the 
configuration of the hydrogen acceptor plays a role in the catalytic reac- 
tion, it is but reasonable to conclude that a similar type of variation in 
the catalyst will also be a factor in the process. The soundness of this 
conclusion is borne out by the fact that d-quartz will preferentially de- 
hydrate one of the enantiomorphs of 2-butanol. 50 

One of the most striking facts about catalytic hydrogenation is the 
selectivity that is shown by the catalyst and the hydrogen acceptor. 
Nickel is more active toward carbon-to-carbon doul.de bonds than it 
is toward the carbonyl grouping, whereas copper chromite is more 
active toward carbon-to-oxygen than toward carbon-to-carbon double 
bonds. However, both catalysts will cause the hydrogenation of both 
types of unsaturation so that the difference between the catalysis is 
quantitative rather than qualitative. For example, the ring in ethyl /J- 
phenylpropionate is hydrogenated over nickel at 200° to give ethyl /?- 
evclohexylpropionate. Over copper chromite at 250° the carbcthoxy 
group of ethyl 0-phenylpropionale is hydrogenated and 7 -phenylpi , opyl 
alcohol is produced. At temperatures above 330° both types of hydro- 
genation occur over either catalyst, but a third type of reaction ensues 
so that the product of the hydrogenation is largely the hydrocarbon 
propylcyelohexane : 

OrfUCHsCIIsCOsCsITs CiIIiiCnaCIIiCOsC.Hs 

C «1 1 5 C II ->C f I aC 0 C 2 1 1 5 CcHiCTT.CH.CII/lTr 

CilljCHjCH^OjC’jIIs C tlluCHsC IIjClI* 

This relative inactivity of oxide catalysts toward alkene linkages is 
marked in zinc chromite that the esters of the unsaturatod acids such as 
oleic acid may be hydrogenated to unsaturated alcohols at a temperature 
of 250°. This is above? that at which nickel would induce rapid hydm- 
genation of the alkene. linkage in the oleate. 

This selectivity in action, upon the basis of the hypothesis outline 
above 1 , is probably dependent upon preferential combination with tbo 
catalyst. That is, nickel tends to attach the hydrogen acceptor to it* 
at alkene or benzonoid linkages, whereas copper chromite shows a g rt -" lU * 
affinity for carbonyl groups as compared to carbon-to-carbon uou > 
bonds. The higher the temperature, the less selective the catalyst am 

60 Schwa I j an<l Rudolph, .Yti funriaae wschaf ten, 20 , 363 (1032). 
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the greater the probability that the hydrogenation will go to the ultimate 
stage of the saturated hydrocarbons. 

In considering the role of the catalyst, one should not ignore the 
variations which are possible in the structure of a given reactant. A 
catalyst such as copper chromite which is rather inactive toward the 
benzenoid nucleus may bring about such a hydrogenation through a 
tautomeric form of the hydrogen acceptor. The ethyl ether of 0-iuiph- 
thol does not react with hydrogen over copper chromite at 200°. How- 
ever, /3-naphthol is readily converted to l,2,3,4-telrahydro-2-iiaphthol at 
200° over copper chromite. 51 Presumably this is because /3-naphthol 
may tautomerize to an unsaturated ketone, a type of compound which 
is rapidly hydrogenated over this catalyst: 



There is little difference in rate of hydrogenation over nickel between 
the naphtliol and its et hers, since nickel is as effective toward the ben- 
zenoid nucleus of the naphtliol or its ether as it is toward the unsaturated 
ketone of the tautomer. However, over nickel the benzoate of /3-naph- 
thol behaves very differently from /3-naphthol. ilds 52 has shown that 
the hydrogenation of the benzoate over nickel gives mainly 





while Musser 51 obtained 



from |3-naphthol. 

In general, catalysts serve only to decrease the time required for the 
system to reach equilibrium, but instances are known where the concen- 
trations of reactants attained from a catalyst arc not tin' same as those 
that would be anticipated if the role of the catalyst were ignored. For 
example, Reid 53 reported that he had obtained ethyl acetate in yields 
a hove 80 per cent by passing oquimoleeular amounts of acetic acid and 

Mussor und Adkins, J. Am. ('firm. Sue., 60, OtU (10SS). 

Alfred Wilds, unpublished work at University of Wisconsin. 

&s lidwell suit! Iteu.1, ,/. Am. Chcm. Sm\, 53, 1353 (11131). 
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alcohol over silica gel. These results were criticized because it wax 
pointed out that the maximum concentration of ethyl acetate could be 
no more than 67 per cent in a system starting with a mole each of alcohol 
and acid. Reid’s results have been fully confirmed, and the reason for 
the apparent exception to the prediction based on results in a homo- 
geneous system is easily seen if the process of esterification over a solid 
catalyst is similar to that outlined above for hydrogenation. Alcohol 
and acetic acid passing over silica gel would each be adsorbed, reaction 
would occur between molecules of alcohol and acetic acid adsorbed on 
adjacent active points on the catalyst, and then the ethyl acetate and 
water so produced would be desorbed. If alcohol and acetic acid were 
irreversibly adsorbed and water and ethyl acetate were rapidly desorbed, 
then the yield of ester would be 100 per cent. No such catalyst is known 
or likely to be found, but it will be obvious that the yield of ester is 
determined not by the thermodynamics of the alcohol-acid- water-esi or 
system, but simply by the relative adsorption by the catalyst of the 
reactants as contrasted to the products. An effective catalyst for the 
hydrolysis of an ester would be one which irreversibly adsorbed ester 
and water and rapidly desorbed alcohol and acid. Over various cata- 
lysts one might obtain yields of ester varying from 0 to 100 per cent, 
depending upon the characteristics of the catalyst involved. 

The last step to bo performed by a good catalyst is to give up the 
product at the right time or stage. Sometimes it is possible to modify 
a catalyst so that it will desorb a product at an intermediate stage of the 
reaction. For example, methanol is oxidized by air to give ultimately 
carbon dioxide and water: 

CH 3 OH — > IICIIO — > IICO 2 II --> C0 2 + H 2 0 

Over iron oxide at 370° the reaction runs to completion, but if molyb- 
denum oxide is incorporated with the iron oxide, the first product of 
oxidation, formaldehyde, is desorbed. The iron-molybdenum oxide 
catalyst thus makes possible a process by which methanol is oxidized 
almost quantitatively to formaldehyde. 51 

The failure of a hydrogenation catalyst to desorb a product suffi- 
ciently rapidly may result in poisoning — i.e., covering of the catalyst 
by the product — or interaction between molecules of the desired product 
still adsorbed on the catalyst. There is also danger that, if the desiic 
product is not quickly desorbed, it may react further with hydrogen as 
illustrated above in the hydrogenation of an ester to a hydrocarbon a 
330°. 

“Meharg and Adkins, U. S. pat., 1,!) 13,404-5 (June, 1933) ; Adkins and Fte tcIfl ° n 
/. Am. C 'hem. Son., 53, 1512 (1931). 
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There is a balance or competition between the adsorption of each of 
the compounds present, e.g., hydrogen, hydrogen acceptor, solvent, and 
products. Often a high pressure of hydrogen will minimize the poisoning 
effect of the products as well as their tendency to interact while on the 
surface of the catalyst, since it will increase the proportion of the sur- 
face covered by hydrogen, which thus replaces other adsorbates. In a 
similar way high pressures of hydrogen minimize or eliminate the effect 
of small amounts of "poisons” present in the reaction mixture. It is 
probably for this reason that less care need be taken in the pmification 
of compounds for hydrogenation at pressures of 100 to 300 atmospheres 
than with platinum or palladium at 1 to 3 atmospheres. 

The solvent or reaction medium as well as the hydrogen, hydrogen 
acceptor, and product are no doubt adsorbed by the catalyst and so may 
play a role in determining the extent or course of the reactions. Solvents 
may be beneficial only because they facilitate the dispersion of the 
catalyst and the contact of the three essential materials, hydrogen, 
catalyst, and organic compound. However, in some cases, a more 
specific role is played by the solvent. For example, in the presence of 
ethanol only two of the three phenyl groups in triphenylmcthanc are 
hydrogenated, whereas in the presence of methylcyelohexane the hydro- 
genation goes to completion. 65 In the hydrogenation of amides arid 
lignin, dioxane appears to be particularly beneficial in facilitating reac- 
tion. 


REDUCTION OF VARIOUS FUNCTIONAL GROUPS 
Alkenes 

The catalytic addition of hydrogen is the most general reaction of 
the carbon to carbon double bond. Many compounds containing the 
linkage )C=C( will not show addition reactions with any other re- 
agent but will add hydrogen under the influence of nickel. It seems safe 
to say that over 99 per cent of all the known compounds containing the 
alkcne linkage will add hydrogen at temperatures from 0° to 2/5 . The 
olefinic linkage is one of the groups most easily reduced. Any of the 
common catalysts may be used. The rale of hydrogenation and the 
severity of conditions required vary with substitution at the alkene 
carbons. The simple alkenes such as ethylene and the amylenes react 
with hydrogen at room temperature and at pressures of hydrogen near 
0ne atmosphere in the presence of a catalyst. Even a trisubstituted 
ethylene (C 6 H 5 ) 2 C=CHC 6 H 5 may be readily hydrogenated over 

5 Adkins, Zartman, and Cramer, ibid., 53, 14-5 (19.il). 
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Ranev nickel at 25° * under a pressure of one hundred atmospheres 
of hydrogen. 56 However, a completely substituted ethylene such as in 



where the double bond is common to two rings may be very resistant to 
hydrogenation. A temperature of 250° was required for the complete 
hydrogenation of the dodccahydrophcnanthrcne 57 whose formula is 
given above. A high-molecular-weight unsaturated compound, such as 
rubber, required a temperature as high as 275° to insure complete sat- 
uration. Unsaturated compounds having a conjugated system arc 
likely to require more drastic conditions for hydrogenation than com- 
pounds of similar complexity but with isolated double bonds. The vari- 
ation between cyclohexene (25°), furan (75°), benzene (125°), pyridine 
(175°), and pyrrole (225°) with respect to case of hydrogenation over 
nickel is indicated by the figures given in parentheses. These are mere 
approximations, the exact figures depending upon the activity of the 
catalyst and the purity of the hydrogen acceptors. However, conjuga- 
tion does not necessarily retard hydrogenation, for compounds of tin 1 
type RCH = C(CO 2 C 2 H 0 ) 2 are rapidly hydrogenated over Raney nickel 
at room temperature. 68 

Temperature; pressure of hydrogen; purity of compound; and 
amount, activity, and dispersion of catalyst art' interdependent variables 
so that it is impossible to assign any definite conditions of temperature 
and pressure of hydrogen under which a given typo of structure will he 
hydrogenated. Though nickel may often be used at pressures of a h'\v 
atmospheres, in general pressures of the order of 100 to 200 atmospheres 
are more satisfactory. Under these conditions most isolated alkene 
linkages and furans will be hydrogenated below 150°. 

Because of the mildness of the conditions necessary for the liydre- 

* Hydrogenation has been accomplished in many cases under even milder condibonN 
The discussion in this section is not based upon the minimum conditions under which 
reaction of hydrogen has been observed, but rather upon the conditions under which jjj 
reaction may be carried out on a preparation^ scale to give high yields of the eaiurj 
compound. 

56 Zartrnan and Adkins, ibid., 54, 1608 (1932). 

67 Durland and Adkins, ibid., 60, 1501 (1938). 

w Wojcik and Adkins, ibid. , 56, 2424 (1934), 
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geniition it is often feasible to hydrogenate the >C=C<( preferentially, 
for example, it is possible to reduce styrene to ethylbenzene. 59 At 175° 
and 100 atmospheres pressure complete reduction to ethyl cyclohexane 
may be effected in the presence of Raney nickel or nickel on kiescl- 

gUhl '' 56 

CsH 8 CH=CH 2 -^4 CtHsCHjCHj —4 C,H n CH 2 CH, 

Unsaturatcd esters, 60 acids, and amides and derivatives of furan, ben- 
zene, pyrrole, and pyridine can usually be hydrogenated preferentially 
at the >C=C\ linkage. Unsaturated ketones such as mesityl oxide, 
(CH 3 ) 2 C=CHCOCH 3 , or heptylidene acetoacetic ester, CH3COC 
(=C 7 Hi4)C0 2 C 2 H 5 , can be hydrogenated over nickel to isobutyl 
methyl ketone and heptyl acetoacetic ester, respectively, but in other 
cases the ketone group is hydrogenated under the same conditions and 
at the same time as the alkene linkage. 58 

Copper chromite also catalyzes the reduction of alkenes at 150-175°. 
If some other group in the molecule is also to be reduced which requires 
copper chromite as the catalyst, it is possible to effect belli reductions 
in one operation. For example, ethyl cinnamate may be converted to 
3-phenyl- 1 -propanol. 61 


C 6 IT & CII=CIIC0 2 C 2 II 5 — — •> C 6 H 5 CH 2 CH 2 CH 2 OH 4- C 2 II 5 OII 

CUO204 

One of the more important structural limitations upon the use of 
catalytic hydrogenation of olefinic linkagas is the readiness with which 
the following type of reaction occurs: 


III I £ 2 Ml 

_ c = c — c— on — > — c=c — cii + ii 2 o 

1 i 

If the double bond is resistant to hydrogenation as in a benzenoid, 
pyridinoid, or pyrroloid nucleus then it serves to labilizc the carbon to 
°xygen linkage with the resultant hydrogenolvsis indicated above. 

Practically every olefin which is known has been reduced to the corre- 
sponding saturated compound. Only a few typical examples are listed 
in Table I. 


1,9 Kern, Shriner, and Adams, ibid., 47, 1147 (1025). 

60 1 ope and Hancock, ibid., 60, 2044 (103S) ; 61, 770 (1939). 
51 1‘olkem and Adkins, ibid., 64, 1145 (1032). 
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TABLE 1* 

Hydrogenation of Alkknes to Alkanes 


Compound 

Catalyst 

Tern- 

Pres- 

Amt. 

of 

Time, 

min. 


Type t 

Amt., 

g- 

Sol- 

vent 

per- 

ature, 

6 C. 

sure, 

atm. 

Com- 

pound, 

moles 

Ref. 

(CH 3 ) 2 C=CHCH 3 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

6 

59 

C 6 HiCH— C'Hj 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

9 

59 

(C’flHjliC - C'lH 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

10 

59 

C«H > CH=( , H(; 6 H 6 (frans).. 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

38 

59 

CgHjCH - ( HC'«H 5 (fra«s).J 

FdO 

0.1 

KtOH 

25 

3 

0.1 

69 

59 

CsHsCH^CHC sHs (ircms).. 

Ni (k) 

2.0 

O 7 II 14 

20 

3 

0.1 

80 

56 

C 6 H & CH=CHC*H 5 (tram?). 

Ni(Ar) j 

2.0 

C 7 H 14 

20 

30 

0.1 

35 

5(1 

C’eHjCH 1 — CHC«Hs (trails).. \ 

Ni (k) \ 

2.0 

C 7 H 14 

20 

90 

0.1 

15 

56 

((\M i ),C=C((\-H i h j 

Pt0 2 

0.2 

EtOH 

25 

3 

0.02 

360 

— 

(C #H 5 ) 2 C— ( ’ (C #H s) 2 

CuCr 2 0< 

1.0 

c 7 h m 

150 

100 

0.04 

15 

56 

C H 2=C H ( C H 2 ) sCO-jH 1 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

1.5 

59 

on 

r — v 



I 






C’lLo/ \:h 2 ch=ch 2 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

3.5 

59 

OH 

r — v 









CHjo/ \h=CH— C‘H 3 

Pt0 2 

0.1 

EtOH 

25 

3 

0.1 

10 

59 

C«H & CH=CHCOOII (trans) 

CuCr 2 0 H 

2.0 

C;H 14 

175 

100 

0.24 

20 

62 


* The data in this table and subsequent tables in this chapter are taken from specific experiments 
by many different investigators. Since there are so many variable factors no significance should be 
attached to small differences. The data are intended to serve as a guide tv illustrate the general 
discussion. 

t In this aud all subsequent tables the nature of the catalyst is indicated by the following abbrevi- 
ations: 

Pt0 2 = platinum oxide catalyst, p. 784. 

PlfCollj - colloidal platinum catalyst, p. 783. 

PdO - palladium oxide catalyst, p. 786. 

Pd(BaSO,|) - palladium supported on barium sulfate, p. 78C. 

PdfC) = palladium supported on Norite, p, 780. 

Ni(R) - nickel prepared from Raney nickel-aluminum alloy, p. 788. 

Niftj = nickel supported on kieselguhr, p. 788. 

CuCrjO* = cupper chromite catalyst, p. 788. 


The cis forms of ethylcnic compounds are usually more rapidly 
hydrogenated than the trans isomers. For example, Paal 63 has shown 
that the cis forms of the following compounds arc more rapidly reduced 
than the trans forms. 


61 Adkins and Connor, ibid., 53. 1091 (1931). 

63 Paal and Schiedewitz, Her 60, 1221 (1927); 63, 766 (1930). 
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cis 
Maleic 
Oleic 
Cro tonic 
Stilbene 

cis-o-Ethoxycinnamic 

Erucic 


trans 

Fumaric 

Elaidie 

Isocrotonic 

Isostilbene 

frarw-n-Ethoxycinnamic 

Brassidic 


The catalytic reduction of letrasubsliluled olefins, such as dimethyl- 
fumaric and dimethylmaleie acids, leads to the production of diastereo- 
isomeric products. A study of the hydrogenation of the sodium salts of 
the above acids has shown that by proper choice of experimental condi- 
tions either cis or trans addition of hydrogen may be made to occur. 64 


CH 3 — C— COOH 

|| 


H 

COOH 

CHa— C— COOH 

\ 

1 

CH 3 — C — COOH 

1 

CH 3 — C — H 



1 + 

1 



CH 3 — C— COOH 

CH 3 — C— COOH 

CH 3 — C — COOH 

II 

/ 

1 

H 

1 

H 

HOOC — C — CH 3 





Similar results were obtained with 2,3-diphenyl-2-butcnc. Catalytic 
hydrogenation in the presence of platinum black of diisobutcnyl leads 
to sym-diisopropylethylcne. 

(CH 3 )jO=CH— CH=C(CHs)s (CH,)*CH— CH=CH— CH(CH,)i 

Isoprene upon treatment with one mole of hydrogen and platinum black 
produces a mixture . 65 { qjj 3 

CH 3 — CH— CH=CH 2 12% 

CII 3 

C H 2 =C — CH 2 — Oils 13% 

CH 3 

CH 3 -C=CH— CH 3 15% 

CH 3 

CH s -CH-CHoCH 3 30% 

CH 3 


ch 3 

I 

CH2=C— ch=ch 2 


. c H 2=C — CH—CH 2 30% 

4 Ott, Schroter, and Bchr, Bcr., 61, 2124 (192fi). 

5 Lebedev and Yakubchik, J. Chew. Sac,, S23, 2190 (192S). 
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1,3-Butadiene, piperylenc, and diisopropenyl also yield similar 
mixtures. 

Olcfinie bonds which are conjugated with a koto or carboxyl group 
are reduced more slowly than isolated double bonds. 

The 7,5-double bond in sorbic acid is more readily reduced than the 
a,0-conjugatcd bond. Although a mixture of hcxenoic adds is obtained, 
the a, ^-predominates. 66 

ch 3 ch=ch— ch=chco 2 h ch s ch 2 cii 2 cti==chcooh 

Hi 

The hydrogenation of unsaturated glycerides proceeds in an interest- 
ing stepwise manner. Reduction of glyceryl tiilinolcate with nickel on 
kieselguhr and hydrogen leads to nearly complete conversion to glyceryl 
trioleate (as and trans forms) before the latter arc further hydrogenated. 
The production of the completely saturated fat, glyceryl tristearate, docs 
not occur until the final stages of the hydrogenation. Moreover, triolein 
disappears more rapidly than the tristearate is produced. These results 
are interpreted as indicating that only one double bond of the triolein is 
reduced during one contact with the catalyst. 67 ® The reduction sequence 
is probably: 

Trioleate — » Dioleomonostearates — > Monod I eod is tear a tes 

Tristearate 

Alkynes 

Acetylenic compounds are readily reduced to the saturated alkane 
derivatives. This reaction is of little synthetic interest but is useful for 
structure proof. By using small amounts of catalyst and hydrogen at 
about 1 atmosphere pressure, and by interrupting the hydrogenation 
when one mole of hydrogen is absorbed, it is possible to obtain 70 to 90 
per cent yields of the corresponding ethylenic derivative. 

R — C=C — It RCH—CIIR RCH.CII.R 

I’d Pd 

Recent work by Campbell and O'Connor 676 has shown that with 
palladium and Raney nickel the hydrogenation of a triple bond proceeds 
virtually to completion before the olefinie linkage begins to be reduced. 
Paul and Hilly 67c and Thompson and Wyatt 67J have obtained select n e 
hydrogenation of certain alkynes to alkenes over an iron catalyst. 

66 Farmer and Galley, ibid., 687 (1933; ; Ann. Kept*. Chem. Sac. (London), 30, U'i 
(1933). 

S7 (a) Hilditeh and Jones, ./. (’hem. Soc., 805 (1932). (h) Campbell and O’Connor, 

J.Am. Chen. Soc., 61, 2897 (1939). (c) Paul and Hilly, Bull. soc. eftim,, [5] 6, 2 IS (103 • 
(d; Thompson and Wyatt, J. Am. Chew. Sac., 62, 2555 (1940). 
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Bourguel 68 has shown that eleven acetylenic compounds uniformly 
produce the ds-cthylenic derivative when treated with hydrogen in the 
presence of colloidal palladium stabilized by starch 

R— C=C — R -> R— C— II 

II 

R— C— II 

Aldehydes 

Both aliphatic and aromatic aldehydes are rapidly reduced to the 
corresponding alcohol. 

RCHO -+ RCH.OH 

When platinum is used, it is necessary to add a trace of a ferrous salt in 
order to obtain complete reduction . 69 Some typical reductions are shown 
in Table II. 


TABLE II 


Reduction op Aldehydes to Alcohols 


Aldehyde 

('ataly> 


Solvent 

Tem- 

pera- 

ture, 

C C. 

Pres- 

sure, 

atm. 

Moles 

of 

Com- 

pound 

Time, 

min. 

Ref. 

1 

1 Type 

i 

Amt. 

CW’HO 

pto_> 

0.23 

Alc.(Fe ++ i 

25 

3 

0.2 

20 

09 

C 6 H 6 (.:HO 

PdO 

0,23 

Ale. 

25 j 

3 

0.2 

21 

23 

CJU'HO 

IM(BaS0 4 ) 

2.5 

HOAe. 

25 

1 

0.1 

57 

70 

CfiHjC’HO 

( , ti( , r 2 0 1 

5.0 

C’jIIh 

ISO 

150 

0.7 

1 

62 


PtO> 

0.23 

Ale.(Pc ++ )| 

25 

3 

0.2 

30 

69 

CH,(CH 2 ) & CHO.... 

Ni(R) 

0.0 

c,Hu 1 

150 

100 

2.5 

240 ! 

62 

CII sCHOHClI A'H O 

Ni(A') 

2.0 

(•;Hh 

125 

100 

1.0 

60 

71 

Glucose . . . 

Ni(fr) 

2.0 

11 A) 

150 

100 

0.1 

150 

72 


Un saturated aldehydes are completely reduced to the saturated 
alcohols unless special conditions are used to obtain selective reduction. 
In order to reduce an unsaturated aldehyde to an unsaluratcd alcohol 
with platinum, a trace of ferrous salt is added to promote reduction of 
Ihe aldehyde group and also a trace of zinc acetate to inhibit the reduc- 

f,s Bourgiiei, Evil. sne. chrn., [41 45, 1007 (1920) ; cf. Salkind and Tetcrin, J. Ruts. 
Chem. Soc., 61, 1751 (1929). 

69 Carothcrs and Adams, ./. Ami. Chcm. Soc., 45, 1071 (1923) ; 46, 1GS0 (1924). 

70 Hosenmund and Jordan, Bcr., 58, 100 (1925). 

71 Winans and Adlcins, ./. Am. ('hem. Si>c., 55, 4107 (1933). 

751 Covert, Connor, and Adkins, ihid., 54, 1051 (1932). 
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tion of the olefin linkage. In this way citral may be reduced to geraniol 73 
and cinnamaldehyde to cinnamyl alcohol . 74 

CH 3 ch 3 

i i pkh*) 

CH 3 — C=CH — CH 2 — CH 2 — C=CH — CHO 

Fe ++ Zn ++ 

CH 3 ch 3 

I i 

CH 3 C— CH — CH 2 — C H 2 — C=CH — CH 2 OH 

Pt(H 2 ) 

C*H S CH-=CH— CIIO - - > C 6 U 5 C H=C H — C II 2 0 H 

Fe 4 'Z11 + + 

The selective reduction of the olefinic linkage in an unsaturated 
aldehyde cannot be accomplished directly. Such unsaturated aldehydes 
can, however, be converted to the saturated aldehydes by first making 
the acetal, reducing the unsaturated acetal, and then hydrolyzing the 
saturated acetal. 

CHaon 

RCH=CIICIIO - --> RCir==CHCII(OCIIi)a 

IICl v ’ 

Hj 1 Pt 

RCII 2 CH 2 CIIO + 2CTr 3 01I <—■— RCII 2 CII 2 CH(()CII 3 ) 2 

This has proved to be the. best method for converting furfural into 
tetrahvdrofurfural . 72 

If the aldehyde group is attached to an aromatic nucleus, care nnisl 
be taken that only one mole of hydrogen per mole of aldehyde is ab- 
sorbed. If this precaution is not taken the alcohol first produced may 
be reduced to a hydrocarbon. For example, with palladium and hydro- 
gen at 4 atmospheres, benzaldehyde and salicylaldehyde may be reduced 
to toluene and o-cresol 28 respectively even at 25°. The reduction of the 

CJI 5 CIIO C.HsCHjOTI C.II.CHa 

Pd Pd 

O CIIO Fij ri 2 t *^CHj 

Oil ~ P(1 * Pd > k^J 011 

alcohol group to the methyl group is rather slow so that by stopping the 
reduction when one mole of hydrogen lias been absorbed the alcoho* 
may be isolated in good yields. 


73 Adams and Garvey, ibid., 48, 477 (1920). 
71 Tuley and Adams, ibid., 47, 3001 (1925). 
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The catalytic reduction of furfural over platinum oxide leads first to 
the formation of furfuryl alcohol. 75 Further reduction produces a mix- 
ture of tetrahydrofurfuryl alcohol, pentancdiol-1,2, pentanediol-1,5, and 
K-amyl alcohol. Reduction of alkyl furyl carbinols 7fi likewise produces 
a corresponding series of reduction products. 



CII 3 CH 2 CH 1 CHCH 2 OH 

Oil 

HOCH2CH 2 CH 2 CII 2 CIl20II 

cn z (cih)m 

Furfural is rapidly and almost quantitatively hydrogenated to fur- 
furyl alcohol over copper chromite at 135-100° under 50 to 150 atmos- 
pheres of hydrogen. When nickel was used as a catalyst the furfuryl 
alcohol was contaminated with tetrahydrofurfuryl alcohol. 77 

Ketones 

The carbonyl group of ketones is reduced more slowly at room tem- 
perature over platinum and palladium catalysts than in the case of alde- 
hydes. With nickel a temperature of 100° to 150° is usually necessary 
although Raney nickel induced the hydrogenation of acetone and aeeto- 
acctic ester 78 at room temperature. A temperature of 100° to 175° 
under 50 to 150 atmospheres of hydrogen is usually advisable if copper 
chromite is to be used. 

If the carbonyl group is attached to a benzene nucleus the same care 
must be taken as with the aldehydes to prevent the first-formed second- 
ary alcohol group being converted to a methylene group. If the carbonyl 
is attached to a pyrrole nucleus it has proved impossible to stop the 
hydrogenation of the carbonyl at the earbinol stage. 

The catalytic hydrogenation of ketones is a process in which side 
reactions are seldom encountered and the yields of secondary alcohols 
obtained are well above 90 per cent for simple aliphatic ketones. Even 
'vith the aryl ketones yields of the order of 70 to 80 per cent are usually 
obtained. Examples are given in Table 111. 

16 Kaufmann and Adams, ibid., 45. 3029 (1923). 

u Pierce and Adams, ibid., 47, lOttS (1925). 

77 Connor, Folkers, and Adkins, ibid., 53, 1U91 (1931). 

78 ( overt and Adkins, ibid., 54, 41 U» (1932). 
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TABLE III 

Reduction op Iveto Groups to Secondary Alcohols 



Catalyst 


Tempera- 

Pres- 

Moles 

of 

( '0111- 
pound 

Time, 

min. 


Ketone 

Type 

Amt., 

g- 

Solvent 

tnre, 

°G. 

sure, 

atm. 

lief. 

Acetone 

Ni(A-) 

2 


125 

100 

1.0 

13 

72 

Acetophenone, . . . 

Ni(R) 

4 

CiflsOH 

110 

100 

0.4 

10 

7 !) 

Bcnzophenone. . . . 

Ni(*> 

1 

CjHjOII 

100 

100 

0.1 

GO 

79 

d-Camphor 

CuCr» 0 4 

G 

C2II5OII 

120 

150 

0.5 

(if) 

SO 

Benzoin 

Ni(fr) 

2 

C 2 H 6 OH 

125 

100 

0.2 

GO 

02 

Fructose 

Ethyl aceto- 

Ni(fc) . . . 

2 

h 2 0 

150 

100 

0.1 

150 

72 

aeetate 

; Ni(A-) 

2 

c 2 h*oii 

125 

100 

0.4 

120 

SI 

Ethyl levulinate . 

Xi(A) 

4 

C.IIsOH 

100 

100 

0.2 

SO 

72 


0 -Keto esters should be hydrogenated in an alcohol solution as other- 
wise a condensation product is obtained. For example, acctoaentic 
esters when hydrogenated without a solvent gave more than a 30 per cent 
yield of CH3CH0HCH 2 C0()CH(CH 3 )CIl2C0 2 C 2 II 5j while in alcohol, 
the yield of CH3CIIOIICH2CO2C2H5 was almost quantitative . 81 

Copper chromite and nickel for most ketones are equally satisfactory 
as catalysts. Nickel is usually active at a somewhat lower temperature, 
but copper chromite is more selective in its action as illustrated in the 
hydrogenation of furfural. 

0 -Diketones of the type RCOCH2COCH3 may be selectively hydro- 
genated to keto alcohols of the type RCOCH 2 CIIOIICH 3 by limitation 
of the amount of hydrogen allowed to react. A more complete hydro- 
genation gives glycols. Certain substituted ^-di ketones such as 
C 6 H 5 COCH (CH 2 C fi H^) COCH 3 are cleaved by hydrogen so that about 
one-half of the diketone is converted by hydrogenolysis to benzaldehyde, 
l-phenylbutanone-3, and 1,3-diphenylpropanonc-l . 82 

The olefinic linkage Is reduced more rapidly than the keto grouping; 
hence unsaturated ketones, such as mesityl oxide, boiizal acetone, and 
benzalacetophenone are reduced first to the saturated ketones and then 
to the alcohols. 

RCII=CHCOR' -5i> RCIIiCHiCOR' ttCHjCHjCHOHR' 

79 Adkins et a unpublished work. 

80 Bowden and Adkins, ./. Am. ('hnn. S Inc., 56, 689 ( 1934 ). 

81 Adkins, Connor, and Crainer, ibid., 52, 5192 (1930). 

82 Sprague and Adkins, tftid., 56, 2069 ( 1934 ); Stutsman and Adkins, ibid., 61. 3 30 ' 
( 1939 ). 
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Catalytic reduction with platinum or palladium has been shown to be 
an effective method for the synthesis of homologs of ephedrine. The 
pure hydrochlorides of the amino ketones, dissolved in alcohol, are 
readily reduced to the amino alcohols with platinum oxide 83 and hydro- 
gen at 3 atmospheres. 

ArCOCHlt n ArCH— CHR 

i i i 

NHR' Ft OH NHR' 


Although two diastereoisomeric forms of the product are possible only 
one form was obtained. Thus, when Ar is phenyl, and R and IV arc 
methyl groups, catalytic reduction produces d/-ephodrine and not pscudo- 
ephedrine. 

Hartung 81 has fo\ind that a palladium-Norite catalyst and hydrogen 
reduced a-oximino ketones to the a-hydroxyoximes. However, in the 
presence of three equivalents of hydrochloric acid the a-hydroxy amines 

Ar— CO— C— CH* h 2 ArCII — C — CII 3 

I i! 

X— 011 OH N— OH 

Tj I Pd 

I (3HC1) 

Ar— CH-CH— CII 3 

I I 

OH NH 2 


were produced. When a-oximinoacetophcnone is reduced over pal- 
ladium 84 or nickel, 85 the amino ketone is the first product; this under- 
goes self-condensation and dehydrogenation to produce diphenylpyra- 


CJIiCOCII^XOII — ‘-> C 5 HjCOCII 2 NH 2 - 

Pd 

cn. 

/ \ 

Cells — C N 

N C-C,H 5 

\ / 

CH t 

83 Hyde, Browning, ami Adams, ibid., 50 , 22S7 (1928). 

84 Hartung, ibid., 50. 3370 (192ft); 53. 2248 (1931); Hartung and Munch, ibid., 51 , 
• 202 0929) ; Hartung, Munch, Dcakert, and < Wcy, ihid., 52, 3317 (1930). 

86 Brown, Durand, and Marvel, ibid., 58. 1594 (1930). 


CH 
/ % 

C,H 5 — C N 


N C— C,H 5 

\ / 

CH 
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Halogen Compounds 

Busch and Stove 35 have shown that the halogen in many types of 
compounds may be quantitatively removed by treating an alcoholic 
potassium hydroxide solution of the substance at room temperature with 
a palladium-calcium carbonate catalyst and hydrogen at 1 atmosphere. 
The method has been proposed for the quantitative determination of 
halogen in organic compounds. Some typical examples are shown in 
Table IV. 

TABLE IV 

Replacement op Halogen by Hydrogen 55 


Compound 

Catalyst 

Solvent 

Tem- 

per- 

ature, 

C C. 

Pres- 

sure, 

atm. 

Amt. 

of 

Com- 

pound, 

g- 

Time, 

hr. 

Name 

Amt.., 

g. 

Ethylene bromide. . . . 

Pd(CaC0 3 ) 

1 

Ale. KOH 

20 

1 

0.21 

1.0 

Chloroaeetic acid 

Pd(CaCOa) 

1 

Ale. KOH 

20 

1 

0.28 

3.0 

Benzal chloride 

Pd(CaCOa) 

1 

Ale. KOH 

20 

1 

0.23 , 

0.8 

Tolane tetrachloride. . 

Pd(CaC0 3 ) 

1 

Ale. KOH 

20 

l 

0.19 

1.0 

Bromobenzene 

Pd(CaCOa) 

1 

Ale. KOH 

20 

1 

0.26 

0.33 

2,4,6-Tribromophenol . 

Pd(CaCOj) 

1 

Ale. KOH 

20 

1 

0.18 

0.45 

m-Bromobcnzoic acid. . 

Pd(CaCOa) 

1 

1 

Ale. KOH 

20 

1 

0.20 j 

0.15 


With platinum oxide as a catalyst and alcohol as the solvent, a 
temperature of 50-70°, and hydrogen at 3 atmospheres, Brown, Durand, 
and Marvel 85 have shown that aromatic halogen compounds are delial- 
ogenated and hydrogenated to the saturated cycloparaffins in 70 to 95 
per cent yields. 

Rosenmund 86 ' 87, 88, 890 has developed a useful method for the synthesis 
of aldehydes by replacing the halogen of an acyl chloride by hydrogen m 
the presence of palladium catalysts on barium sulfate or kicsclguhr. Iu 
order to prevent reduction of the aldehyde, a poison, “sulfurizecl quino- 
line” or thioquinan throne is added. The reductions are usually carried 

RCOCl + JI 2 — RCIIO + HC1 

Quinoline + S 

** Rosenmund and Zetzsche, Ber., 54, 425 (1921). 

87 Rosenmund, Zetzseho, and Klutseh, Bur., 54, 2888 (1921). 

88 Rosenmund, Zetzsehe, and Enderlin, Her., 55, 609 (1922). 

VM1 Rosen nuind, Zetxwhe, and Wciler, B< r., 56, 14S1 (1923). 
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out by passing hydrogen through a boiling toluene or xylene solution of 
the acid chloride in which the catalyst is suspended. 896 Some typical 
examples are shown in Tabic V. 


TABLE V 

Aldehydes from Acid Chlorides 


Compound 

i 

Cataly 

Name 

Bt 

Amt.,g. 

Amt, 

Sulfur- 

ized 

Quin- 

oline., 

mg. 

Solvent 

Bath 

Temp., 

°C. 

j Amount 
of 

Com- 

pound, 

g 

Time, 

hr. 

Ref. 

C'sHiCIliCOCI 

Pd(BaSOi) 

2.0 

10 

TolueneJ 

115 

2.3 

4.0 

86 

P-()2NC«H4C0C1 

Pd ( k ) 

0,5 

1 10 1 

| Xylene 

150 

3.0 

2.5 

82 

m~C 6 H 4 (COCl) 2 

1 Pd (it) 

0.2 

2 

Xylene 

150 

2.0 

4.0 

87 

?) -C 6 H 4 (COC1)j 

Pd (*) 

0.5 

6 

Xylene 

150 

20 

32.0 

87 

C1C0(CH 2 ) 6 C0C1 

Pd (*) 

0.2 

2 

1 Xylene 

150 

4 

ft 

87 

C1CO(CH 2 ) s COC1 

Pd (k) 

1.0 

1 

Xylene 

150 

19 

15 

88 

CaHtOCIIfCOCl 

PdCBaSOd 

0.7 

15 

Xylene 

133 

2 

3.5 

89 

o-ClCemCII^CHCOCl. 

Pd(BaS0 4 ) 

0.7 

25 

I 

Xylene 

125 

4 

4.2 

89 


Nitriles 

The hydrogenation of nitriles in neutral solution results in the forma- 
tion of a mixture of primary and secondary amines. The reduction 
apparently proceeds in a stepwise fashion through the aldimine. The 

RCN -%• RCH=NH -^4 RCH2XH3 

aldimine reacts with the primary amine in the same fashion as an alde- 
hyde, leading to the SchifTs base 

NH 2 

RCH=XH + RCH2NH2 -> RCH-XHCHoR -► RCH 2 X=CHIl + XH 3 
which then undergoes further reduction to the secondary amine. 90 ’ 91 

rch 2 n=ciir + h 2 -* (rch 2 ) 2 xii 

At temperatures above about 100° the primary amine may also lose 
ammonia to produce the secondary amine. 91 

2RCH 2 NH 2 (RCIIjJiNH + NHi 

0 r i- Syn., 21, 84, 110 (1941). 

0 von Braun, Blessing, and Zobol, Ber., 56, 19S8 (19211). 

1 Winana and Adkins, J. Am. ('hem. Soc., 54, 30ft (1932). 
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When platinum oxide is the catalyst the percentage of primary 
amine may be increased by using glacial acetic acid as the solvent. With 
acetic anhydride as the solvent, yields up to 88 per cent of the acetylated 
primary amine may be obtained. 92 High yields of the primary amino 
may be obtained by using palladium-Norite catalyst 93 and adding one 
equivalent of hydrochloric acid to the alcohol used as a solvent. 

If nickel is the catalyst, the above modifications cannot be used since 
acids attack the finely divided nickel. In order to increase the yield of 
primary amines when nickel is the catalyst it is desirable to cany out 
tlie reduction as rapidly as possible and to dissolve some anhydrous 
ammonia in the solvent in order to repress the reaction of the aldimine 
with the already formed primary amine. 91, 94, 95 In general, the hydro- 
genation of a nitrile over nickel should be carried out at 100° to 150°. 
The yield of primary amine should then be 70 to 90 per cent. Sonic 
typical reduction data on nitriles are given in Table VI. 


TABLE VI 

Redccton op Nitriles 


Compound 

Catalyst 

Solvent 

Temp., 

°C, 

' 

Pres- 

8 lifts 

at ni- 

Moles 

of 

Com- 

pound 

Time, 

Com posit inn 
of Product 

Ref. 

Name 

Amt., 

g- 

hr. 

Primary 

Amine 

Secondary 

Amine 

Benzonitrile. . 

Pit 

0.8 

Abs. ale. 

25° 

3 

0.1 

21 

21 

70 

{12 

Benzonitrile. . 

Pt0 2 

0.5 

no Ac 

25 

3 

0.1 

7 

02 

3.8 

02 

Benzonitrile 

rtOj 

0,45 

AcjO 

25 

3 

0.2 

6 

67 


92 

o-Tol unit rile . . 

Pt0 2 

0.5 

AcjO 

25 

3 

0.2 

10 

04 * 


92 

p-Toluiiitrilc.. 

Pt0 2 

0.24 

a C2 o 

25 

3 

0.2 

5 

88* 


92 

Phenyl a ret o- 











nitrilc 

Pt0 2 

1 2 

A c 2 0 

25 

3 

0.2 

22 

63 * 


92 

Benzonitrile. 

Pd fC) 


Ale. + 

25 

1 



93 




1 1 Cl 








Benzonitrile. 

Pd(BaSO<) 


HO Ac 

25 

1 



80 


116 

Phenyl aceto- 



HO Ac 








nitrile 

Pd(BaSOd 


+ HC1 

25 

1 



73 


9li 

Valero ni t r ile, . 

Ni (K) 

20 

125 

1(X) 

4.8 

0.5 

67 

16 

94 

Benzonitrile. . 

Ni (K) 

20 


150 

100 

5.3 

0.3 

75 

JSI 

94 

o-Tol unit rile. . 

Ni {*> 

2 


125 

100 

0.35 

2.5 

60 


97 


* As N -substituted acylamide. 


92 Oarothcrs and Jones, ibid., 47, 3051 (1925). 

93 Hartung, ibid., 50, 3370 (1928). 

94 Sehwoegler and Adkins, ibid., 61, 3499 (1939). 

96 Howk, U. 8, pat., 2,100,151 (July 18, 1939) [('. A„ 33, 8211 (1939)]. 

96 Koeenmund and Pfankuch, Htr , 56, 2258 (1923). 

97 Adkins and Cramer, J. Am. Cham. Sac., 52, 4349 (1930). 
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Oximes 

With oximes, as with nitriles, secondary amine formation may occur 
to a large extent wiien hydrogenation is carried out in neutral solvents. 
Hartung and his co-workers 84, 93 have recommended the addition of 
three or more equivalents of hydrogen chloride to the alcoholic solution 
of the oxime and report high yields of the primary aininc by hydrogena- 
tion under these conditions. Glacial acetic acid has also been used as a 
solvent. Hydrogenation of the oxime acetate may give a higher yield 
of the primary amine than hydrogenation of the free oxime. 96 The 
reduction of a-oximino ketones has been discussed under ketones (p.807). 

The oximino group reacts with hydrogen over nickel under milder 
conditions than other functional groups with the possible exception of 
certain alkencs and imines. 98 It is not unusual for the reaction of an 
oxime with hydrogen over Raney nickel to begin at room temperatures. 
Since the reaction is quite exothermic, the temperature of the bomb and 
contents frequently rises to 40° or 50° without any external heating. It 
is probably desirable in the use of Raney nickel with oximes to keep the 
temperature of the reaction mixture below 80°. This is especially 
important with a-oximiuo ketones, from which resinous products are 
formed at higher temperatures. 

With the simple oximes the only side reaction of any consequence is 
the formation of secondary amines as in the case of the cyanides, i.e., 
through the interaction of primary amine and the intermediate imine. 

There is a good deal of variation in the proportion of primary and 
secondary amines formed from different oximes. In some cases the 
yield of primary amine was almost quantitative, as from the oximes of 
benzophenone and camphor, while in one or two instances the yield of 
primary amine was as low as 40 to 42 per cent. It is probable that with 
a few exceptions the yield of primary amine can be held at least as high 
as 70 to 80 per cent, with 20 to 15 per cent of secondary amine. 

A number of oximino ketones and oximino esters are readily hydro- 
genated, but open-chain amines are not obtained because the amino 
ketone or amino ester just formed reacts with the formation of a pyra- 
zine or pyrrolidonc. 71 ’ 98 For example, the monoxime of benzil gave a 
42 per cent yield of tetraphenylpyrazinc when hydrogenated over Raney 
nickel under 150 atmospheres of hydrogen at 70 to 90°. 

/ x \ 

0 NOlI Hj Pli— 1 c C— Ph 

Ph — C— C— Ph N,(R) Ph— C C— Ph 


W T inanB and Adkins, i&id., 55, 2051 (1933). 
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Aldimines and Ketimines 

Aromatic aldehydes condense with primary amines to produce 
aldimines or Sehiff bases. These may be hydrogenated at 25° and 3 
atmospheres pressure in the presence of platinum oxide to produce the 
secondary amines in good yield. 99 Buck 100 has described the synthesis of 

ArCHO + RXH 2 -> ArCH=X— R + H 2 0 

H,jpt 

ArCH 2 — NHR 

a series of substituted di-(0-phenylethyl)-amines and benzyl 0-phenyl- 
ethylamines by this method. 

Since aliphatic aldehydes condense with aryl amines to produce 
polymeric condensation products it is usually not possible to obtain the 
Sehiff bases. However, by treating an alcoholic solution of a primary 
aryl amine and an aliphatic aldehyde with hydrogen and Raney nickel 
in the presence of sodium acetate it is possible to obtain 50-05 per cent 
yields of alkyl aryl amines. 101 

Hydrazones, Semicarbazones, Ketazines, Hydrazo, and Azo Compounds 

Hydrazones and ketazines have also been hydrogenated by means 
of platinum, palladium, and nickel catalysts. The reduction may stop 
with the formation of the hydrazine or hydrazo compound or may con- 
tinue by cleaving the nitrogen to nitrogen bond to form primary amines. 
Bailey and his co-workers, 102, 103, 104, 105, 106, 107 who used Skita’s colloidal 
platinum catalyst, report that the reduction is greatly facilitated by the 
presence of a quantity of hydrochloric acid sufficient to form the salt of 
the hydrazo compound which is formed. Table VII contains some typi- 
cal examples. 

The hydrogenation of semicarbazones to semicarbazides is success- 
fully accomplished under the proper conditions. Bailey and his co- 
workers 104 have used a colloidal platinum catalyst prepared with gum 
arabic by Skita’s method. Hydrochloric acid must be present for suc- 

S3 Rupe and Hodel, Heh. ('him. Acta., 6, 878 (1023). 

100 Buck, J. Am. Chem. Soc., 53, 2192 (1931). 

101 Emerson and Walters, ibid., $0, 2023 (1938) ; Emerson and Robb, ibid., 6b 3 0 
(1939). 

101 Lochtc, Bailey, and Noyes, ibid., 43, 2597 (1921). 

103 Lochte, Noyes, and Bailey, ibid., 44 , 2556 (1922). 

104 Neighbors, Foster, Clark, Miller, and Bailey, ibid., 44, 1557 (1922). 

104 Harkins and Lochte, ibid., 46, 450 (1924). 

104 Schulze and Lochte, ibid., 48, 1030 (1926). 

10T Poth and Bailey, ibid., 45, 3001 (1923). 
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cessful reduction. Taipale and Smirnoff, 108 who have used the Low- 
Willstatter platinum black catalyst, report successful reduction in 
neutral alcohol solutions but faster reduction in glacial acetic acid. 
Examples arc tabulated in Table VIII. The yields of semicarbazides 
isolated ranged from 76-95 per cent. 

TABLE VIII 


Semicarrazones to Semicarbazides 


Compound 

Catalyst 

Solvent 

Temp., 

Pres- 

Amount 
of Com- 
pound, g. 

Time, 

11 cf. 

Somirarbnzono of 

Type 

Amt., g. 

°C. 

atm. 

hr. 

Acetone 

Pt (coll. » 

0.5 

33% 

CH 3 OH 
-f IIC1 

20 

2.3 

50 

(i 

107 

Benzaldehyde 

Pt (roll.; 

0.5 

33% 

CH 3 OH 
-r liCl 

20 

•_> . 3 

» 

2.5 

107 


PI (ri)ll.j 

1.0 

33% 

CH 3 OH 

20 

2.3 

10 

20 

107 



■\- 11 Cl 






Carvomenthonc . . . 

Pt (coll.; 

0 5 

33% 
CHjOH 
+ HC1 

20 

2.3 

50 

5 

107 

Cyclohexanone ... 

! 

Pt(eoll.; 

0.5 

33% 

( Il 3 OH 
+ HC1 

20 

2.3 

50 

3 

1 

107 

Munition** 

Pt (coll.) 

0.5 

33% 

ch 3 oh 

20 

2.3 

50 

2 7 

107 



+ IIC1 




3.J 


Acetaldehyde 

• Pt 

0.5 

IIOAc 

20 

1 

5 


10 s 

Prop ion aldehyde. . . 

i Pt 

! 

I 

1 1.0 

CHjOII 

IS 

1 

2.9 

12 

108 


Azobenzene is rapidly reduced by hydrogen and colloidal palladium 
at room temperature and 1 atmosphere pressure. If the reduction ^ 
stopped after one mole of hydrogen has been absorbed hydrazobenz* n 
may be isolated. Further reduction yields aniline. 109 

C«II 5 X=XC«II 6 -> C.II 6 XHXHCW 8 -> 2C.IIsNHj 
A few other azo compounds have been studied. 96, 103 

lf '» Tnipale and Smirnoff, Her., 56, 1794 (1923). 
m Skita, Her., 45, 3312 (1912). 
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The nitrogen to nitrogen bond in azobenzene, diazoaminobenzenc, 
the azo dyes, and phenylhydrazones is cleaved by hydrogen over nickel 
catalysts at 75-125°. The corresponding amines have been isolated in 
good yields. 71, »• 98 

Nitro Compounds 

The nitro group undergoes catalytic reduction with great ease in the 
presence of the hydrogenation catalysts. The reaction is highly exo- 
thermic, and caution must be exercised in reducing nitro compounds to 
avoid excessively high temperatures. The amounts taken for reduction 
should be limited or the reducing bomb provided with an adequate cool- 
ing jacket. 

Nitrobenzene, m-dinitrobenzene, p-uilrophcnol, 3,3'-dimtrobiphcnyl, 
and nitrocymene, for example, have been almost quantitatively reduced 
to the corresponding amines over Raney nickel at 75° to 125°. The 
hydrogenation of nitro compounds 110 should be carried out in an alco- 
holic solution in order to maintain the homogeneity of the solution even 
after all the oxygen of the nitro group has been converted to water. 

Raney nickel may react with a nitro compound with the formation of 
nickel oxide and azo and azoxy compounds. 78 Raney nickel has been 
used under 2 to 3 atmospheres pressure for the reduction of nitrobenzene 
arsonic acids 111 to the corresponding amino ben zone arsonic acids. 

Both aromatic and aliphatic nitro compounds arc smoothly reduced 
to the primary amino. When aliphatic nitro compounds are reduced in 
aqueous oxalic acid with hydrogen and palladium on barium sulfate the 
hydroxyl amine oxalates may be obtained in 70-98 per cent yields. 11 - 
Table IX contains some examples of the reduction ol nitro compounds. 

Nitro compounds may be inductively alkylated with aldehydes or 
ketones in the presence of hydrogen and a catalyst in order to produce 
nitrones, substituted hydroxvlamines, secondary amines, and in a few 
cases tertiary amines. Reduction of a mixture of nitrobenzene and 
benzaldchyde with platinum and hydrogen yields the nitrone by reduc- 
tion of the nitrobenzene to phemdhy droxy Lamin e and condensation with 
the benzaldchyde. 

C«H 5 N0 2 + 211. CtllsXIIOJI + H 2 0 


C 6 H 5 NIIOH + CellsCIIO 


C 6 Hi,X=CIIC 6 II s + II 2 0 

I 

0 


110 Adkins, "Reactions of Hydrogen, etc.,’’ p, 95, University of Wisconsin Ires 
-Madison (1937). 

| U Ntevinnon and Hamilton, ./. .tin. ('hem. Sot'., 57, 129S (1935). 

112 Schmidt, Asrhcrl, and Mayer, Her., 58, 11430 (1925). 
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TABLE IX 

Reduction of Nitro Compounds 


Compounds 

Catalyst 

Solvent 

Temp., 

°C. 

Pres- 

sure, 

atm. 

Amount 

of 

Com- 

pound, 

moles 

Time, 

min. 

Product 

Ref. 

Type 

Amt., 

g- 

Nitrobenzene 

Pt0 2 

0.2 

Air, 

25 

3 

0.1 

11 

Aniline 

113 

o-Nitrotoluenc... . 

Pt0 2 

0.2 

Air. 

25 

3 

0.1 

1L 

o-Toluidine 

113 

Methyl ;>-nitro- 











benzoate 

Pt0 2 

0.2 

Ale. 

25 

3 

0.1 

11 

Methyl p- 










Aminoben- 

113 









zoatc 


p-Nitrophenol. . . . 

Pt0 2 

0.2 

Ale. 

25 

3 

0.1 

11 


Amino- 










phenol 

113 

p-Nitrochloro- 











benzene 

Pt0 2 

0.2 

Ale. 

25 

3 

0.1 

11 


p-Chloro- 










aniline 

113 




II 2 0 + 



grams 





Nitromethane. . . . 

Pd(BaS0 4 ) 

1 

h 2 c 2 o 4 

25 

1 

6.1 

8 



112 

l-Nitro-2- 



h 2 o I 








propanol 

Pd(BaSO|) 

2 


25 

1 

10.5 

15 



112 

l-Nitro-2- 



H 2 0 i 






Substituted 


butanol 

Pd(BaS0 4 ) 

1.3 

h 2 ca 

25 

1 

6 

7 ; 


hydroxyl- 

112 

l-Nitro-2- 



h 2 o + 






amine 


octanol 

Fd(BaS0 4 ) 

1 

1I 2 C 2 0< 

' 25 

1 

4.4 

6 


oxalate 

112 

l-Nitro-3- 











melhyl-2 



HjO 4- 








butanol 

Pd(BuS0 4 ) 

2 

H2C2O4 

25 

1 

6.5 

20 



112 

2-Nitro- 









1 


propandiol- 



IIjO + j 








1,3 

Pd(BaS0 4 ) 

4.8 

n 2 c 2 o 4 

25 

1 

4.8 



Amine 











oxalate 

114 


Further reduction of the nitrone produces the substituted hydroxyl- 
amine. 115 

C 6 II 5 — N=CIIC 6 H 5 + II 2 CgIIsX 'CH 2 C 0 H & 

1 1 

O Oil 

Major 116 found that reduction of p-nitrophcnol in acetone solution 
with hydrogen and platinum produced p-hydroxy-N-isopropylanihi^'* 
Benzaldehyde and p-nitrophenol gave p-hydroxydibenzylairilinc, and p- 
nitroaniline and acetone produced N,N-diisopropyl-p-phenylcncdiumin e * 

Yields of 31 to 96 per cent of N-alkyl aryl amines may be obtainc 
by dissolving the aromatic nitro compound in 95 per cent ethanol con- 
taining sodium acetate, adding the; aliphatic or aromatic aldehyde an 

113 Adams, Cohen, and Rees, J. Am. Chem. So c., 49 , 1093 (1927). 

1,4 Schmidt ;uid Wilkcndorf, Her., 62 , 389 (1919). 

115 Vavon and Orajeinovie, Compt. rend., 187, 420 (1928). 

118 Major, J. Am. Chem. Soc., 53 , 1901, 2803, 4373 (1931). 
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Raney nickel, and shaking the mixture with hydrogen at 3 to 4 atmos- 
pheres pressure . 117 

Aromatic Nuclei 

Platinum black, 15 ’ 13 colloidal platinum 118 and platinum oxide 119 
have been used as catalysts for the reduction of benzene and its deriva- 
tives. Adams and Marshall 119 have found that glacial acetic acid is a 
better solvent for reduction of the aromatic nucleus than alcohol when 
platinum oxide is the catalyst. Generally the reductions required 
several hours. Brown, Durand, and Marvel 85 have found that addition 
of a small amount of hydrogen chloride to the alcoholic solution of the 
hydrocarbon promotes the reduction. 

When platinum oxide is the catalyst aromatic amines arc best 
reduced in the form of their hydrochlorides. 150 Also pyridine derivatives 
are reduced faster as their hydrochlorides in absolute alcohol solution 
than as the free bases. 121 Hcckel and Adams have prepared the amino 
cyclohexanols by reduction of aminophenols. 122 

In Table X some examples of the reduction of aromatic compounds 
arc given. It will be noted that many of these require considerable time 
for completion. It has been found that Raney nickel and nickel on 
kieselguhr will effect the reduction of aromatic nuclei much more rapidjy. 

Nickel is the most satisfactory catalyst for the hydrogenation of the 
benzenoid nucleus. 125 Benzene, toluene, other alkylbenzenes, phenol, 
cresols, and other alkylphenols, dihydric phenols, di- and triphenyl- 
methanes, di-, tri-, and tetraphenylethanes, biphenyl, naphthalene, 
alkylnaphthalcnes, and many other derivatives of benzene, naphtha- 
lene, anthracene, phenanthrcnc, etc., have been quantitatively saturated 
with hydrogen at temperatures from 100° to 200°. A hydrogen pressure 
of 100 to 300 atmospheres is desirable but not always necessary. The 
exact temperature and time required vary with the structure and purity 
of the compound and the activity of the catalyst. In most instances 
complete hydrogenation can be accomplished within a few hours at a 
maximum temperature of 200°. 

The aromatic nucleus in such compounds as aniline, diphenylamine, 

117 Emerson and Mohrman, ibid., €2, 69 (1940). 

118 Skita and Meyer, Ber ., 45, 35S9 (1912) ; Skita and Schneck, Ber., 55, 144 (1922). 

19 Adams and Marshall, Aw/, ('hem. Soc., 50, 1970 (192S), 

120 Hiers and Adams, ibid., 49, 1099 (1927) ; Bn., 59. 162 (1926). 

121 Hamilton and Adams, J. Awi. ('hem. 8<>c., 50, 2260 (1928). 

122 Heckcl and Adams, ibid., 47, 1712 (1925). 

J 23 Durland and Adkins, ibid., 59, 135 (1937) ; 60, 1501 (1938). 

j 24 Signaigo and Adkins, ibid., 58, 709 (1936). 

s Adkins, “Reactions of Hydrogen, etc.,” pp. 56-62, University of Wisconsin Press, 
Madison (1937). 
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TABLE X 


Reduction of Ahomatic Nuclei 



Catalyst 


j Tem- 

Pres- 

Amount 

of 

| Com- 

1 

Time, 


Compound 

Type 

Amt., g. 

Solvent. 

IH'rature, 

°C. 

sure, 

atm. 

pound, 

Moles 

hr. 

Kef. 

Benzene 

Pt0 2 

0.2 

HO Ac 

25 

3 

0.2 

2 

11!) 

Toluene 

Pt0 2 

0.2 

HOAr 

25 

3 

0.2 

2.7 

119 

m-Xylene 

Pt0 2 

0.2 

HO Ac 

25 

3 

0.2 

21 

119 

Mesitylene 

Pt0 2 

0.2 

HO Ac 

25 

3 

0.2 

8.5 

119 

Diphenyl methane. . 

Pt0 2 

0.2 

HO Ac 

25 

3 

0.1 

7.0 

119 

Triphenylmethnne . 

Pt0 2 

o.s ■ 

HO Ac 

GO 

3 

0.03 

48 

119 

Pheuylaeiitii* acid . . 

Pt0 2 

0.2 

lIOAc 

25 

3 

0. 1 

5.5 

119 

Cvmenc 

Pt0 2 

0.1 

Ale. 1TCI 

70 

3 

0. 1 

2,5 

85 

Biphenyl 

Dimethyl aniline 

Pt(> 2 

0.1 

Ale. H Cl 

70 

3 

0.1 

10.0 


hydrochloride . . . 
Diphenylarnine 

Pt0 2 

0.94 

Ale. 

50 

! 

3 

0.1 

0.5 

120 

hydrochloride. . . 
Pyridine hydro- 

Pt0 2 

0.25 

Aba. Ale. 

50 

3 

0.1 

2.0 

120 

chloride 

Pt0 2 

0.5 

Aba. Ale. 

25 

3 

0.1 ! 

0.5 

121 

Toluene 

Ni(R) 

to 


175 

100 

1.3 

0.1 

55 

Mesitylene 1 

Xi(fc) 

3 


200 

100 

0.5 

4 

55 

Diphenylmethane. . 

Ni(A-) 

2 

C'sHgOlI 

150 

100 

0.1 

7 

55 

Biphenyl 

! Xi(/r) 

2 

('AlfiOH 

200 

100 

0.17 

5 

55 

Phenanthrene 

! Ni(K) 

5 

Cil hi 

250 

200 

0.25 

s 

123 

Phenol 

i Ni(A') 

2 


150 

100 

0.5 

3 

97 

Diphenyl ether. . . 

Ni(A) 

2 


150 

100 

0.17 

4 

97 

Ethyl benzoate. . . . 

| Ni(A') 
Ni(A-) 

s 


190 

100 

2.0 

1 

Cl 

Aniline 

5 


175 

100 

1.0 

9 

97 

Quinoline 

Ni(/Q 

5 


200 

100 

0.41 

4 

97 

1 -Phenyl pyrrole . . . 

CuCrsO* 

1 

r> 


240 

150 

0.10 

2.5 

124 


Iriphenylamine, ethyl benzoate, diethyl phthalate, diethyl-1,1 '-diphen- 
ate, ethyl 7-phenylpropionate, and 3-phenylpropanol-l have also been 
hydrogenated under similar conditions. Aromatic others may likewise 
be hydrogenated fairly satisfactorily, although in many cases hydro- 
genolysis occurs. This type of reaction is discussed in more detail later 
in this chapter. 

In general, it is not feasible; to hydrogenate alcohols of the bonz>l 
type since these compounds readily undergo hydrogen olysis to liydio- 
carbons. 

C6H5CII2OH + II 2 -> C a H B CII* + HoO 

Spielman and Docken 126 observed that the hydrogcnolysis of a diaijl 
m Spiel man and Docken, unpublished results. 
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pinacol took another course. With copper chromite at 200° as the 
catalyst, n-propylbcnzenc was produced by hydrogenolysis of 3,1-di- 
phenyl-3 ,4-hexancdiol . 




C 2 H 5 c 2 h 5 


-C- 


OH 



CH 2 C 2 H 6 


In general, copper chromite is not active for the hydrogenation of 
pimple aromatic rings. For that reason it is very valuable as a catalyst 
for the partial hydrogenation of naphthalene, 127 phenanth rcnc, 123, 123, 129 
anthracene, quinoline, 62 phcnylpyrrolcs, 124 indoles, 130 and acridine. 130 
For example, tetralin and dihydrophenanthrene are readily obtained 
by the partial hydrogenation of naphthalene and phenauthrene, respec- 
tively. 

The pyridine ring may be hydrogenated over nickel under the same 
general conditions as the derivatives of benzene. Many derivatives of 
piperidine have been so prepared from the corresponding derivatives of 
pyridine. 131 

The pyrrole nucleus, unless it carries a carbethoxy group on the 
nitrogen, is extremely resistant to hydrogenation. 124, 132(1 In general, 
temperatures of 200° to 250° are required with a nickel catalyst. Pyr- 
role itself and the alkyl pyrroles arc hydrogenated under these conditions 
to pyrrolidines in good yields. However, the pyrroles carrying a car- 
bethoxy group in the 2-, 3-, 4-, or 5-position are likely to bo so resistant 
to hydrogenation that the carbethoxy group is converted to a methyl 
group before the ring is hydrogenated. Pyrroles carrying a carbethoxy 
group on the nitrogen are more readily hydrogenated than many deriva- 
tives of benzene. For example, 1 , 3-diearbet hoxvpyr role has been con- 
verted rapidly to the corresponding pyrrolidine at a temperature of (0 
Raney nickel. N-Alkylpyrrolcs and their derivatives are slowly 
reduced with hydrogen and platinum at room temperature provided that 
0J£ ygen is excluded and the catalyst is reduced separately. 132 * 

127 Adkins and Reid, J. Am. ('hem. tfor., 63, 741 (1941'). 

lsa Burger and Mosettig, ibid., 57, 2731 (1935); 58, 1S57 (1936). 

129 van de Kamp and Mosettig, ibid., 57, 1107 (1935). 

30 Adkins and Coonradt, ibid., 63, 1563 (1941). 

1 Adkins, Kuirk, Farlow, and Wojrik, ibid., 56, 2425 (1931). 

, 132 <«) Rainey and Adkins, ibid., 61, 1104 (1939). (5) iSohi and Shrincr, ibid., 55, 382S 
(1933). 
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HYDROGENOLYSIS 
Hydroge nolysis of Alcohols 

Reactions of the type ROH + H 2 — » RH + H 2 0 take place readily 
only if R contains a phenyl, pyrryl, furyl, pyridyl, hydroxy, carbonyl, or 
carbalkoxv group. The reaction takes place readily when an alcohol, for 

1 1 i 

example, has the structure — C=C — C — OH where the double bond is 

i 

resistant to hydrogenation as in benzyl alcohol. This alcohol is con- 
verted almost quantitatively to toluene over nickel at 100° to 125°. 
Similarly, mandclic ester yields phenylacetic ester when hydrogenated 
at 175° over nickel. 133 


C 6 H 5 CH 0 HC 0 3 C 2 IU + II, -> C 6II5CH2CO2C2H5 -f 1I 2 0 


o-Benzovlbcnzoic ester is converted to o-benzylbenzoic ester over 
copper chromite at 200°. The alcoholic hydroxyls in substituted benzyl 
alcohols such as in 


OH, 


IIOHsC 


CIUOII 


Oil 


and di- and tri-aryl carbinols art* readily replaced by hydrogens over 
copper chromite. 133 Acyl pyrroles such as 


u 


-COCHj 


H 


v\V 

H 


-CII0CII3 


are converted to alkyl pyrroles 1 - 4 over either copper chromite or Kancy 
nickel. The furan ring has a similar though less marked effect in labil- 
izing hydroxyl groups toward hydrogenolysis, because the furan ring n 
more readily hydrogenated than a benzene or pyrrole ring, and thereto} 
the labilizing effect of the unsaturated linkages is lost.' 34 Mcthvlfuran 
has been obtained from furfuryl alcohol over copper chromite at 200 . 
If the aromatic nucleus is more distant from tin* hydroxyl group ns in 
phenylethyl alcohol the replacement of hydroxyl by hydrogen docs 
not occur so readily as in the benzyl alcohols but nevertheless cons 


133 Adkins, Wojcik, and Covert, ibid., 55, 1500 (1933). 

134 Hiirdif.k and Adkins, ihul., 56, 43S (1034). 
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tutes an important side reaction when an attempt is made to hydrogenate 
the nucleus. 

Copper chromite is in general more effective than nickel as a catalyst 
for hydrogenolysis of compounds of the types discussed just above. This 
is true because it is less active for the saturation of the unsaturated 
linkages upon which the labilization of the carbon-to-oxygen linkage 
depends. 

Hydroxyl groups have a lahilizing influence upon carbon-to-oxygen 
linkages, similar to that manifested by carbon-to-carbon double bonds. 
This effect is particularly evident in 1,3-glycols. Trimethylene glycol 
and 1,3-cyclohexanediol are converted rapidly at 200° over copper 
chromite to propyl alcohol and cyclohexanol, respectively. Glycerol 
also loses one hydroxyl group and 1,2-propanediol is formed. 


CH 2 OH CH 3 

CuCrjOi I „ 

CHOH + Ho * CHOH + H*0 


CH*OH CH 2 OH 


If a glycol contains a secondary and primary hydroxyl, either one may 
be eliminated with the formation of isomeric alcohols. However, it 
would appear that the primary hydroxyl is the more readily eliminated 
since 1,3-butanediol gives almost twice as much 2-butanol as 1-butanol. 
Similarly, hydrogenation of the cyclic 1,3-glycol leads exclusively to the 
secondary alcohol. 135 

CHOH 1 CHOH 

I | I 

(CHa)*— CHCHjOH -> (CHs;4 — CIICH 3 


where n has a value of 3 or 4. 

The 1,2- and 1,4-glycols are much more stable toward hydrogenolysis 
than the 1,3-glycols. In open-chain glycols the 1,2-compounds are 
more stable than the 1,4-glycols while with the cyclohexancdiols the 
W-glycol is the more stable. 

The hydrogenolysis of carbon-to-oxygen linkages in some of the 
more highly substituted glycols has been noted in the later section on the 
hydrogenolysis of carbon-to-carbon linkages (p. 825). 


134 Connor ami Adkins, ibid., 51, 4078 (1932). 
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Hydrogenolysis of Ethers 136 

ROR' + H 3 RH + R'OII 

Aryl alkyl ethers arc in general quite stable toward hydrogenolysis 
and even over Raney nickel undergo hydrogenation rather than hydro- 
genolysis. Dialkyl ethers are quite stable toward hydrogen over nickel 
at temperatures below about 250°, at which temperature carbon-to- 
carbon cleavage may occur. 

The benzyl ethers are very readily cleaved over Raney nickel at 
temperatures of 100° to 150°, toluene and an alcohol or phenol being 
formed invariably. The benzyl aryl ethers are cleaved at a somewhat 
lower temperature than the benzyl alkyl ethers. The diaryl ethers 
require a somewhat higher temperature for hydrogenolysis, i.e., 150° to 
200°. Over Raney nickel there is very little hydrogenation of these 
ethers, but over nickel on kieselguhr a number of others react by hydro- 
genation rather than by hydrogenolysis. The readiness of the cleavage 
of benzyl ethers is another illustration of the effect of a double bond in 
the 2-position in labilizing the carbon-to-oxygen bond. 

The ether linkage in tetrahydrofuran derivatives is quite stable 
toward hydrogenolysis, but because of the influence of the double bonds 
the furan derivatives are cleaved by hydrogen at 175° or lower. 

Nickel is probably a more active catalyst than copper chromite 1 for 
the hydrogenolysis of ethers. Copper chromite is a better catalyst for 
the cleavage of furanoid compounds, since it is less active toward double 
bonds; hence those important labilizing groups are not hydrogenated 
until after hydrogenolysis has occurred. Copper chromite was also used 
by Zartman 56 for the hydrogenolysis of the ether 1 , 1-diphony 1-2- 
phenoxyethylene at 200°. 


Hydrogenolysis of Acetals 371 134 

RCTI(OR') 2 -v RCH 2 OR' + R'OII 

The same conditions that arc favorable to the hydrogenolysis of 
ethers also result in the hydrogenolysis of acetals. Diethyl furfural 
acetal is converted in 97 per cent yield over nickel (k) or Raney nickel 
at 175° to furfuryl ethyl ether. 


CH- CH 

|| l ! ' +it 2 

CH CCH(OC 2 Hr,)2 

\/ 


CH — CH 

I! !! 

CH CCHjOCjIIi 

N/ 


CiHjOH 


130 Van Duzee and Adkins, ibid., 57, 147 (1035). 
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If a little of any one of several amines is added to the reaction mixture, 
then the reaction is primarily one of hydrogenation and the diethyl 
acetal of tetrahydrofurfural is produced in a 76 per cent yield. 

The course of the hydrogenation of a cyclic acetal (benzylidene 
acetal of ethylene glycol) may be represented thus: 

C6H5CII2OCH2CH2OH — > C 6 H b CH 3 + IIOCH2CH2OH 


/)— CH 2 

C 6 H 5 CH< I C 6 H 5 CH3 + CH 3 CH 2 OH 

x O— ch 2 

I 't' 

n 2 IR 

/O— CH 2 CTT 3 Ht 

C 6 H 5 CH<( — > CflHsCHsOCIIaCHa + H 2 0 

X)H 

The above scheme accounts for the products obtained at 125°, i.c., 
toluene, ethanol, ethylene glycol, benzyl ethyl ether, and the mono- 
benzyl ether of ethylene glycol. At 175° these same products were 
obtained, accompanied by the corresponding hexahydro compounds. 
Ethylene glycol and hydrocarbons were obtained at 175° from the benzyl 
ether of ethylene glycol. The. hydrogenation of the benzylidene ether 
of trimethylene glycol and of the 1 ,2-benzylidcnc ether of glycerol 
yielded results similar to those obtained from the ether of ethylene 
glycol except that the hydrogenation proceeded more slowly. 

Hydrogenolysis of Acid Anhydrides and Imides 

Both phthalic and succinic anhydrides were reduced with hydrogen 
to give lactones as well as more completely hydrogenated products. 
Phthalic anhydride over nickel at 150° or copper chromite at 200 wan 
converted to plitlialide 137 in 80 per cent yields, 



while succinic anhydride over copper chromite at 250° gave a 29 per 
cent yield of butyrolactone: 

CII 2 — 0=0 ch 2 -ch 2 

I > - ! )° 

OH.— 0=0 Cllj — €=0 

137 Austin, Bousquet, and Lazier, ibid., 59 , 804 (193<). 
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A similar transformation is the hydrogenolysis of phthalimide to phtlial- 
imidine 97 in an 80 per cent yield at 200° over nickel ( k ) : 


N-substituted succinimides and glutarimidcs have also been converted 
to the corresponding pyrrolidones or piperidones 138 over Raney nickel 
at 220° in dioxane solution where R is — CH 2 CH 2 C 6 II 11 or — CsHn- 

0 

11 

CHjC CHjCH 2 

I >' E “ I > R 

ch 2 c ch 2 c 




Hydrogenolysis of Esters and Lactones 139 

ItCO.R' -» RCOsH + R'H 

Certain esters and lactones readily undergo hydrogenolysis; benzyl 
acetate, for example, was quantitatively converted to toluene and acetic 
acid at 135° over nickel. The reaction is not complete unless an amine 
(N,N-dimethylcyclohcxylamine) is used as a solvent to neutralize the 
acid as it is produced. o-Benzoylbenzoic ester is converted in 95 per cent 
yield over nickel (k) at 150° to o-benzylbcnzoic acid. The reaction prob- 
ably involves, first, the hydrogenation of the carbonyl; second, the 
formation of a lactone; and then the hydrogenolysis of the lactone: 



138 Paden and Adkins, ibid,, 58, 2487 (1936). 

139 Wojcik and Adkins, ibid., 55, 4939 (1933). 
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Certain lactones have been converted in 70 to 80 per cent yields to 
the glycols, yet the hydrogenolysis to the acid is always a possible source 
of difficulty with such compounds, i.e., 

CH 2 Cn 2 CII 2 C==0 + H 2 -► CH 3 CH 2 CH 2 C0 2 H 



The oxygen of the carbonyl group may also undergo cleavage with 
the formation of tetrahydrofurans. 

CH 2 CH 2 CH 2 C==0 + 2H 2 -► CH 2 CH 2 CH 2 CH 2 -f H 2 0 

I o 1 I o 1 

Furfural diacetate 134 readily undergoes hydrogenolysis with the for- 
mation of considerable amounts of furfuryl acetate: 

CH CH CH CH 

II II + h 2 -► II II + ch 3 co 2 h 

CH CCH(OiCCHi)j CH CCH 2 0 2 CCH 3 

\/ ^c/ 

Hydrogenation also occurs, so that other products are produced. 

Hydrogenolysis of Carbon-Carbon Linkages 

Carbon-to-carbon linkages are in some cases cleaved by hydrogen 
under the conditions used for hydrogenation with nickel and copper 
chromite catalysts. 66 Alkyl and aryl groups as well as oxygen and nitro- 
gen as substituents labilize a carbon-to-carbon linkage toward hydrogen- 
olysis. 

Pentaphenylethane is cleaved by hydrogen at 125° over nickel and at 
200° over copper chromite. 

(C 6 H 5 ) 3 CCH(C b H 5 ) 2 + H, -> (C 6 H 5 ) 3 CH + (C 6 H 5 ) 2 CH 2 

T etrapheny lethane is also cleaved under somewhat more drastic condi- 
tions, but triphenylethanc is stable toward hydrogen over nickel and 
copper chromite at least up to 250°. The unsaturated phenyl group is 
fnuch more effective in labilizing carbon-to-carbon bonds than are the 
saturated groups. Even the highly substituted pentacyclohexylethane 
18 re sistant to hydrogenolysis. 

A single oxygen does labilize a carbon-to-carbon linkage, for an 
alcohol of the type RCH 2 OH reacts with hydrogen over Raney nickel 
with a rupture of the linkage between R and the carbinol carbon, but 
the temperature required for this reaction is rather high (250 ) and even 
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then the reaction proceeds slowly. 140 However, two oxygens in the Im- 
positions with respect to each other exert a powerful influence in facili- 
tating hydrogen oly sis. The diketone, (CH^Cg^COC^COClb, 
gives a 25 per cent yield of (CH3) 3 C 6 H 2 COCH3 at 125° over Raney 
nickel. A more highly substituted 1,3-diketone, C 6 H & COCHCOCH 3j 

ch,c 6 h, 

undergoes hydrogenolysis at carbon linkages to the extent of more than 
68 per cent at 60°, while CH 3 COCHCOCH 3 gives a 40 per cent yield of 

I 

CHaCeHs 

CH 3 COCH 2 CH 2 C(jH5. 

The combination of alkyl and oxygen substitution is the most effect- 
ive structure for labilization toward hydrogenolvsis. As noted else- 
where in this chapter, disubstituted malonie esters undergo hydro- 
genolysis quantitatively in the sense of the reaction 

R 2 CC0 2 C 2 Ho -> (R,CHC0 2 C 2 H 5 + HC0 2 C 2 II») -* 

CO.C.H. RsCIICHsOH + CII 3 OII + 2C.H s OH 

Substituted (S-keto esters show a similar type of reaction. For example, 
in an aectoacclic ester CHyCO- • -CHRCOaCaHs, where R was «-lmtyl, 
cleavage occurred at the dotted linkage to the extent of 71 per cent, while 
when R was benzyl the cleavage was quantitative. Ethyl dimethyl a ce- 
toacetic ester underwent the following reaction: 


CH 5 C0CMc 2 C0 2 C 2 m -> MeaCriCHoOH + 2C2H5OII 

Branched-chain alkyl groups are ev(‘n more effective than straight-chain 
substituents in facilitating the cleavage of /3-diket ones, 141 and a 0-keto, 
/3-hydroxy, or malonie ester. For example, Me3CCOCH 2 COCH 3 is 
cleaved to a greater extent than CH3COCH2COCH3. The 1,3-glycols 
behave similarly to these ketones and esters. For instance, 2-methyl-2,l- 
pentanediol (CH 3 ) 2 C(OH)- • •CII^CHOHCH^ is cleaved within thirty 
minutes to give an 86 per cent yield of isopropyl alcohol. (The linkage* 
undergoing hydrogenolysis are indicated by dotted lines in the formulas.) 

CH 2 -OH 

I 

HO • * • CII 2 C • * • ClIjjOH 

CH2OH 

M0 Wojrik and Adkins, ibid., 55, 1203 (1933). 

141 Sprague and Adkins, ibid., 56, 2009 (1934). 
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Pent aery thritol cleaved quantitatively at one carbon-to-carbou and at 
two carbon-to-oxygcn linkages to give isobutyl and methyl alcohols. 
Even pinacol, a 1,2-glycol, suffered earbon-to-earbon cleavage to iho 
extent of 17 per cent, along with a similar amount of carbon-to-oxygcn 
cleavage to give dimethylisopropylcarbinol: 

Oil Oil (CH,) a CHOH 

II + 

(CH 3 )*C ■ ■ ■ C(CHs)« (C II j) s COHCH (CH 3 ) 2 

A sufficient accumulation of hydroxyl groups oven without alkyl sub- 
stitution makes hydrogenolysis of carbon-to-carbon linkages possible. 
Sorbitol or mannitol 142 at 250° over copper chromite gave a high yield of 
1,2-propylene glycol along with smaller yields of methanol and ethanol. 
Propylene glycol k also the major product in a rather complete hydro- 
genolysis of glucose, lactose, maltose, and sucrose. Less complete reac- 
tion of hydrogen with the sugars and alcohols gave larger yields of 
products not involving the breaking of carbon-to-carbon bonds. The 
probable weak bonds in sorbitol are indicated by dots in the formula. 

C1E01I 

I 

choii 

I 

cir • ■ • oh 

I 

CH ■ • * OH 

I 

CHOII 

CHaOH 

The relative effectiveness of groups in labilizing the hydrogenolysis 
of earbon-to-earbon linkages cannot be stated quantitatively. However, 
a s ^uciy of the data available from several investigations indicates that, 
among the common radicals the order of increasing effectiveness is 
methyl, ethyl, benzyl, isopropyl, {-butyl, phenyl, mesityl, hydroxyl, 
carbonyl, carbiny], and acyl. 


Hydrogenolysis of Esters to Alcohols 133, l43, 144 

Many esters are reduced to alcohols by hydrogen over copper chrom- 
ite at 200° to 300° under 100 to 300 atmospheres of hydrogen. 

RCOoR' + 2H, RCIIsOII + R'OH 

Zartin an and Adkins, ibiii., 55, 4559 (1933). 

1H Adkins ll,1 d I'olkcrs, ,7m/. , 53. 1095 (1931). 

Wilbur Lazier, U. S. pal., 2,079, -11 1, and others. 
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The reaction goes smoothly and almost quantitatively where R i s a 
saturated, straight or branched or cyclic chain. The method is not 
applicable to esters where R carries a halogen or sulfur atom since these 
will react with hydrogen or deactivate the catalyst. If R is a phenyl or 
pyrrole nucleus the hydrogenation will proceed beyond the alcohol stage, 
For example, ethyl benzoate gives toluene. 

CeH 4 CO*C*H« + 3II a -> C«II*CH, + C a II 5 OH + II 2 0 

However, if the aromatic nucleus is two carbon atoms distant from 
the carbalkoxy group it is without effect upon the hydrogenation. For 
example, ethyl 0-pheiiylpropionate is smoothly converted to ^-phenyl- 
propanol- 1 . Ethyl a-phcnylacetate gives both types of reaction, i.c., 
phenylethyl alcohol and ethylbenzene. 

If R contains an alkene linkage or aldehyde or ketone group these 
groups will be saturated by hydrogen before the conditions necessary 
for the hydrogenation of a carbalkoxy group are reached. For example, 
ethyl oleatc upon hydrogenation over copper chromite gives oetadeeyl 
alcohol. 

GH 3 (CH 3 )7CH-=C1I(CIR) 7 C0 2 C,II i + 311* - CH,(CII 2 ) 16 (.'IEOII + C,lI»OH 

If zinc chromite is used as a catalyst at 300° to 325° reaction occurs 
preferentially at the carbalkoxy group, but the oleyl alcohol, 

CII 3 (CIIa)7CH*=CH(CHa)7CII 8 OII 


so prepared is contaminated with oetadeeyl alcohol. 

A pyridinoid ring in 11 will also be hydrogenated before, the carb- 
alkoxy group is converted to a carbinol, so that the product will be an 
alcohol derived from piperidine rather than from pyridine. The piperi- 
dine obtained will usually be alkylated on the nitrogen atom, under 
these conditions. 

If nitrogen or oxygen atoms are in the /3-posilion with respect to the 
carbalkoxy group, cleavage (hydrogenolysis) may occur. For example, 
acetoacetic ester gives a mixture of 1- and 2- butanol: 


cti 3 coch 2 co 2 c 2 iu 


/ 


CIIjCHOHClIjCHa 


° ^ CHjCIW-lIaCHjOII 

Malonic ester gives propanol- 1 rather than trimethylcno glycol. If d ie 
carbon atom between the carbons carrying oxygen is substituted, n> u 1 
the ethyl ester of dicthylmalonic acid, then hydrogenolysis of a 
ethoxyl group takes place. Thera are formed in this instance 2-ct *3 
butanol-1 and ethyl and methyl alcohol. 

(C 2 H 5 ) 2 C(C0 2 C 2 II & ) 2 -> (C 2 H 6 ) 2 CHC]I 2 f)II + CJROIT + ClIiOH 
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A nitrogen atom is similar to oxygen in labilizing a carbon- 1 o-oxy gen 
bond for cleavage. For example, 0-pipcridinopropionic ester goes to 
N-n-propylpiperidine : 

CaHnXCH*CH*COjC 2 Ha C 6 IInNXH-.CII 2 CH 3 + CoILOH + II 2 0 

Oxygen or nitrogen in either the a- or y-posilion with respect to a 
carbalkoxy group is less effective in labilizing cleavage than if they 
were in the 0 -position, for «- and y-hydroxy esters may be converted to 
the corresponding glycols in good yields. Though it is impossible to 
prepare a glycol from a malonie ester by catalytic hydrogenation, the 
succinic esters go well into 1,4-glycols. 

(CHjMCOiCsHJs -> (CIIo) 2 (CH 2 OTI ) 2 


If the hydrogenation is not carried out rather rapidly with a good catalyst 
and a sufficiently high pressure of hydrogen, products other than glycol 
may be produced in considerable amounts, i.e., ethyl 0 -hydroxy buty- 
rate, butyrolactone, butyric acid, and tetrahydrofuran. 

A substituted succinic ester, diethyl u-methyLsuccinate, gave a 72 
per cent yield of the glycol, but the ester having an isopropyl group in 
the a-position gave over twice as much isohexyl alcohol as of the glycol 
corresponding to the succinate. 


COAH, 

(CIi a ) 2 GHCHCH 2 CO 2 C 2 IL 


CH a OIl 


(Cl 1 3 ) a CHC II ,CH jCHaOH + CH 3 OH + (CII 3 ) 2 CHCHCII 2 Cll i OII + C 2 H*OH 


The tendency toward hvdrogenolysis of a carbon-to-carbon chain 
with increase in branching of the chain is quite general, as noted else- 
where. 

The most important commercial application of the hydrogenation of 
esters to alcohols is the conversion of coeoanut oil and other glycerides 
to alcohols, useful in the manufacture of detergents. Ihe steps in the 
process using glyceryl lauratc as the ester, are as follows: 

(ChH 23 C0 2 ) 3 C 3 H & + GH 2 -* 3CnHjjCH*0H + C 3 1I 5 (0H ) 3 
Ci 2 H 25 OH + H 2 SO 4 -v C u H»HS0 4 + II 2 O 
Ci,H 25 HS0 4 + NaOH -> CijHssXaSO* + H z O 
The glycerol undergoes hydrogenolysis to propylene glycol and propyl 

alcohol. 

^ he hydrogenation of esters to alcohols in most instances goes 
smoothly and almost quantitatively. However, side reactions may 
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occur if the ester is impure, if the catalyst is improperly prepared, or if 
the pressure of hydrogen is too low. The copper in the catalyst may J )e 
reduced from the bivalent to the univalent state if water or acids arc 
present in the mixture being hydrogenated. The deactivation of the 
catalyst under these circumstances is shown by a change in color from 
the black copper chromite to a reddish cuprous compound. 

The hydrogenation of esters is apparently a reversible process in the 
sense that the alcohols and glycols produced react to form esters. The 
concentration of the esters so produced is of the order of a few per rent 
at 250-260° under 100 atmospheres of hydrogen. At higher pressures, 
250-300 atmospheres, the concentration of esters at equilibrium is no 
more than 1 per cent. However, if the catalyst is deactivated before the 
completion of the reaction, very considerable amounts of ester may ho 
present. 

These esters may result from the reaction of two moles of an aldehyde 
resulting from the partial hydrogenation of the ester. 

RCOsCsIU + 11-2 -> ECHO + 0 2 IROII 
2 ECHO -> IKWTI.R 


As a mutter of fact, esters so related to the starting ester are often found 
in the reaction mixture. Such an ester might result from alcoholysis 
according to the reactions 

UC 0 2 C 2 I [ 5 + 2Ho lUTIoOH + C 2 IU<>II 
RCO2C2H5 + RCIIsOH RCOjjCH.K + (\>1R0JI 


But the amounts sometimes found point to the validity of the mecha- 
nism involving the aldehyde. An active catalyst will, of course, catalyze 
the hydrogenation of the ester RCO^CIRR to two moles of RCHjOH. 

Loveno 145 found that certain hydroxy esters and amino esters could 
be hydrogenated over copper chromite at a relatively low temperature 
(175°). Equal amounts of catalyst and of the ester in methanol "cie 
used. These reductions depend upon large ratios of catalyst wlneii 
make possible the? use of a lower temperature at which hydrogennM* 
of the desired reduction product does not take place to any considerable 
extent . Levene and his associates 14f ' were also successful in reducing du 


ethyl esters of leucine and phenylainino acetic acid to the corrcspem um 
amino alcohols with Raney nickel at ‘10° to 70° in 9 to 18 horns. I l( ' 
yields were 40 per rent of (CH:,) 2 CHCH 2 CHNH 2 CH 2 OH and M l H ' r 


cent of C g H 5 CHNII 2 CII 2 OH. 


141 Ixjveno, Meyer, and Kuna, livtl. ('Item., 125, 703 (103S). 

145 Ovakirnian, Kuna, and Levene, J. .1 m. ('hi m. Snc., 62, 07H (1JM0). 
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The lowest temperature at which the hydrogenation of an ester 
has been reported over copper chromite is 125° for ethyl benzilate, 
(C 6 H 5 ) 2 C0HC0 2 C 2 H 5 . It seems probable that this ester exists in a 

tautomeric form 

/\ 

(C S II 6 ) 2 C C— OH 

I 

oc 2 h„ 


Since this is the hemiaeetal of an oxido ketone, its easy hydrogenation is 
understandable. 

Kydrcgenc lysis of Amides to Amines 147 

The reduction of an amide may lead lo an amine or an alcohol, de- 
pending upon whether cleavage occurs at the oxygen or at the nil.rogen- 
to-carbon linkage. 

/° , RCH 2 NH 2 + HjO (a) 

RC — XII2 \ 

^ RCH .OIL + N-II 3 (&) 

Reduction of an amide with sodium and an alcohol gives alcohols; 
catalytic hydrogenation over copper chromite gives the amine in most 
instances. It is possible that even in catalytic hydrogenation the alcohol 
is first formed and then reacts with the ammonia to give an amine and 
water. There are no experiments which show conclusively the course of 
the reaction in catalytic hydrogenation, although unquestionably the 
alcohol is sometimes the major product. For instance, the amide of 0- 
phenylpropionamide was converted in high yield to 3-phenylpropanoH. 


/° 

C 6 H 5 CH 2 CH 2 C— Nil* + 2H 2 


CuCr 2 <>4 


•> 


260 ° 


C.HsCH.CIIiCH.OH + NH 3 


The yields of primary amines by the hydrogenation of unsubstituted 
amides are seldom above 50 per cent, b<‘cause the temperature of hydro- 
genation is so high (250-200°) that the first-formed primary amine 
reacts with itself to form a secondary amine, lor example, lauramide 
gave almost equal yields of dodecyl- and didodecylamine. 

ChIL> 3 CONH 2 + 2II a Ci-H-fiXHa + ll 2 ° 

2 C 12 H 25 NII 2 -► (Oi 2 H 25 ) 2 NH + Nils 

The hydrogenation of monosubstituted amides usually takes place 
smoothly. For example, N-cyclohexyllauramidc and N-phenethyl- 

147 Wojoik and Adkins, ibid., 56 , 2419 (1934). 
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heptamide gave the corresponding cyclohexyldodecylamine and hoptvl 
phenethvlamines in yields of the order of 60 per cent after hydrogenation 
for less than twenty minutes at 250°. 

N-Acvlpiperidines are converted in good yields to the corresponding 
alkylpiperidines. 


RCOX 


f- 

S T 

V 


-> rch 2 n 


t 

'V 


The N-aeyl piperidines carrying a hydroxyl group in the a-, / 3 -, 7 -, or 
5-position in the acyl group have been converted in 50 to 80 per cent 
yields to the corresponding amino alcohols. 



C 6 H l 0 XCCH 2 CH 2 CH 2 CHOHCH 3 -> C 5 H 10 N(CH 2 ) 4 CHOHCH 3 + H s 0 

Raney nickel catalyzed the same reaction, but the yields of amino 
alcohols were not so good. However, nickel is useful for converting a 0 - 
hydroxyamide to an amide. 

/° /° 

CJIioXCCHoCIIOIICHa -> CsHwXCCHiCHjCHs + H.O 


Copper chromite catalyzes the same transformation, but the amido group 
is also hydrogenated so that the product is CsIIio^CH^CHg. More 
highly substituted amides, such as the amide derived from mucic acid 
and piperidine, give many different products as the result of hydrogena- 
tion and hydrogenolysis. 

The di-N-pen tame thy lone amide of /3-methylglutaric acid was readily 
hydrogenated in 70 per cent yield to the diamine. 


COXCsIIio 

CHiXCtH 

CII 2 

1 

CII 2 

1 

CHCH 3 

1 

CHCH3 

c:h 2 

ch 2 

COXC»H u 

cii 2 nc 6 h 


10 


10 


However, the monosubstituted amides of glutarie acid yield 
stituted piperidines, the imidc and a cyclic amide probably being * nter 
mediate steps . 138 



CATALYTIC HYDROGENATION AND HYDROGENOLYSIS 833 


CONHCbIIh 

ch 3 ch 3 

| 

V/ 

CII 2 



ch 2 ch 2 

C(CH 3 ) 2 

1 1 

1 

o 

II 

u 

o 

II 

o 

ch 2 

\ N / 

j 

CONHCsHn 

1 

C 5 Hu 

Amide 

Imide 


OH, CH, 

CH, CII, 

\ c / 

\ r / 


/ C \ 

ch 2 ch 2 

1 1 

-O 

-o 

K 

iC c=o 

i i 

h 2 c ch 2 

\n-/ 

1 

\n/ 

1 

CjjHii 

1 

CsHn 

Cyclic amide 

Piperidine 


The yields of the piperidine from the amide, imide, or cyclic amide are 
good over copper chromite. Raney nickel proved to be a useful catalyst 
for converting the imide to the cyclic amide. 

Amides of succinic acid may be converted to pyrrolidines by hydro- 
genation over copper chromite while succinimides over Raney nickel 
may be hydrogenated to cyclic amides. Amides of adipic acid may be 
converted to hexahydroazepines. 


(CH 2 )4(C0NHC £ ,H i1 ) 2 (CHsJsXCsHu 

Hydrogenolysis of Organometallic Compounds 

Gilman, Jacoby, and Ludeman t4R showed that the phenyl derivatives 
of calcium, lithium, sodium, potassium, rubidium, and cesium under- 
went hydrogenolysis without an added catalyst. The reaction was of 
the type C 6 H 5 K -f II 2 — > C 6 H e + I\H and took place at room tempera- 
ture within 10 to 110 minutes under a pressure of 1 to 2 atmospheres 
of hydrogen. Several alkyl and aryl lithium compounds underwent 
hydrogenolysis under these same conditions. Earlier work had shown 
that the triphenyl derivatives of phosphorus, arsenic, antimony, and 
bismuth were cleaved by hydrogen at 00 atmospheres at 225° to 350°. 149 
Compounds of the type (CoHs^Sb, (CeHsJ-iPb, (GjH^Zn, and 
(C 6 H 5 ) 2 Mg underwent hydrogenolysis over a nickel catalyst at 160 
to 200° under 125 atmospheres of hydrogen. 150 
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I. INTRODUCTION 

This chapter will be limited to the consideration of organic compounds 
in which the most prominent chemical properties are due to a functional 
group containing sulfur. Probably the most important sulfur com- 
pounds excluded by this limitation arc helcrocycles, in which the chemi- 
cal behavior is modified by the influence of sulfur upon the rest of the 
molecule but usually is not chiefly dependent upon the presence of 
sulfur. 

The names of the types of sulfur compounds to be considered and 
the structures of their parent substances are listed in Table I. Some 
of these structures arc not universally accepted or represent compounds 
which arc hypothetical but of which derivatives are known. These will 
be discussed in the sections devoted to the appropriate series. 


TABLE I 

Compounds with Functional Groups Containing Sulfur 


Names 

Formulas * 

Names 

Formulas * 

Sulfhydryl compounds (mer- 
captans and thiophenols) 

R— S— II 

Thiolsulfonic acids t 

0 

T 

R-S— SH 

Sulfides 

R-S-R 


1 

0 

Disulfides 

R— S— S— R 


0 

Polysulfides t 

R(S)„R 
(» = 3, 4, 5) 

Sulfinic acids f 

T 

R — s — Oil 


■ r y 

Sulfonic acids t 

R-S OH 

Sulfonium salts 

1 

LR—S -Rj X- 

0 

f 

Thioaldchydcs 

s 

i 

It— C— H 

S 

Sulfoxides 

R — S — R 

Thioketones 

1! 

R — C — R 


0 

r 

R-S— R 

i 

0 


0 

Sulfones 

Tliio acids 

Thiol acids f 

ii 

R — C- SII 



s 

Ij 


0 

Thion acids 1 

R — C — OH 

Sulfonic acids 

T 

R — S— OH 


8 

ii 


i 

0 

| Dithin acids 

R— C— SH 


* The usual conventions (p. 1820 ) arc followed in design alii )R norma! and coordinate co\n lent links, 
t The structures of these compounds are considered in more detail in the discussion of the appropri- 
ate series. 
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Since oxygen and sulfur are in the same group of the periodic table 
similarities in the behavior of their organic derivatives might be ex- 
pected. The differences between sulfur and oxygen compounds can 
usually be attributed to one of the following: (1) The sulfur kernel has 
one more electron layer than the oxygen kernel. Therefore, the former 
has the smaller effective nuclear charge (smaller inductive effect) and 
the greater electron mobility (p. 1842). (2) In some eases the fact that 
the sulfur compounds have higher molecular weights than their oxygon 
analogs is the chief factor responsible for differences in physical proper- 
ties. (3) Whereas oxygen is unable to expand its valence shell (p. 1837) 
there are some indications (pp. 1839, 879-882) that sulfur may do so; 
therefore oxygen and sulfur analogs may react by different mechanisms. 

In considering the functional reactions of sulfur compounds it is 
usually true that the reactions of one series are methods of preparation 
for other series. It has not seemed logical to discuss subjects consistently 
in the latest possible location, since this would frequently emphasize 
reactions from their loss important aspect. The arrangement- of the 
material is therefore arbitrary, but sufficient cross references will make 
the discussion of each series complete in itself. 

The differences in the reactions of the alkyl and aryl derivatives arc 
less in the sulfur than in the oxygen series. In general, therefore, it will 
not be necessary to discuss separately compounds in which sulfur is 
attached to aromatic and aliphatic groups. However, in reactions of 
a given sulfur function with aliphatic and aromatic compounds, the 
usual differences in reactivity are observed and may require separate 
consideration; for example, the methods for the introduction of the 
— SR group into an aliphatic chain will be different from those for its 
introduction into an aromatic nucleus. In the equations accompanying 
the discussion the symbol R will bo used to inc hide both aliphatic and 
aromatic radicals unless otherwise noted. When reactions are limited 
to aromatic compounds the radicals will be abbreviated as Ai\ 

In discussing the various series of sulfur compounds the presentation 
will be generalized. S|>ecific compounds will be mentioned only when 
it is necessary for the sake of illustration, when the compounds arc es- 
pecially important, or when the reactions outlined may not be goneinl. 
Polyfunctional compounds will be mentioned only when they dilhi 
markedly from what, might be expected from a knowledge of the mono 
functional types. Although some attention will be given to structiuo 
and physical properties, the chief emphasis will be upon niclhocs o 
preparation and reactions of the various series. 
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II. SULFHYDRYL COMPOUNDS 1 


General Characteristics 


Occurrence. Mercaptans are present in petroleum distillates. Al- 
though they constitute a small percentage of the distillate, the large 
amount of petroleum refined makes the mercaptans the most readily 
available of the organic sulfur compounds. The amount of mercaptans 
which could be obtained from this source is of the order of hundreds of 
tons daily 1 in the United States alone. Unfortunately, there are no 
uses so extensive as to require mercaptans in this quantity; as a result 
those not removed by extraction with alkali arc converted to disulfides, 
which are allowed to remain in the petroleum product. However, large 
amounts of a mercaptan mixture, containing mostly ethyl mercaptan 
with considerable amounts of methyl mercaptan and higher mercaptans, 
are available from the refining of gasoline. 

Methyl mercaptan is a product of the anaerobic bacterial decompo- 
sition of gelatin and albumin. It is partly responsible for the odor of 
feces 2 and is present in urine 3 after asparagus has been eaten. Butyl 
mercaptan is present in the defensive secretion of the skunk. 

Odor. The offensive odor of the low-molecular-weight mercaptans is 
probably the most notorious characteristic of organic sulfur compounds. 
It has been estimated 5 that 0.000, 000, 002 mg. (one part in fifty billion) 
of ethyl mercaptan in air may be detected by odor. The unpleasantness 
and intensity of the mercaptan odors decrease with an increase in the 
carbon chain; n-deeyi and lauryl mercaptans have no more odor than 
the corresponding alcohols. The odors of thiophenols of low mokcu ar 
weight are also unpleasant, but the higher members of the series are 

less disagreeable. # ... 

Toxicity. Care should be used in handling mercaptans and thio- 
phenols. Direct contact with thiophenols may produce an irritation 
of the skin similar to that of ivy poisoning. Mercaptans pioc ucc vanous 
symptoms 7 such as drooping of the lids, increased sensitivity of the eyes 
to light, giddiness, headache, or severe irritations of the s in. 


1 MalisofT, Marks, and Hess, Chm. Rev.. 7. 493 (1930). This 
captan Chemistry,” covers mure than 50 pages and me u es m° re . D 34 

s Nencki and Sieber, Monoid 10, 520 (1*8») ; Nenck., ibuL, 10, SO. (18S9) , Her.. , 
201 (1901). 

3 Ncncki, Ber., 25, 512c (1892). 

4 Beckmann, Pharm . ZenlralfiaUe, 37, 557 (1896). 

s Fischer and Penzoldt, Ann., 239, 131 (1887). (1893) • 

'Hofmann and Baumann, *r. f 20, 2251 (I8S7) ; Jacobsen Ann 277 ^ (1893 
Huebnor and Mueller, Z. Cfc». M 7. U (BIB; HunU-r, J Chen, . ta. 1 « ji n (19.,. 
’ Weber, Bor., 33, 795 (1900); Cmndjonn-Hirter, Ckcm. Zmlr., II, U81 (lJlb). 
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Solubility. Sulfhydryl compounds are usually less soluble in water 
than the corresponding hydroxyl compounds. Ethyl mercaptan, for 
example, is soluble to the extent of 1.5 g. in 100 cc. of water. Both 
mercaptans and thiophenols exhibit normal solubility in organic solvents. 

Boiling Points. The high-molecular-weight mercaptans have higher 
boiling points (Fig. 1) than the corresponding alcohols. However, in 



Fig. 1. — Number of carbon atoms in R (R = CnfRn+i). Comparison of the boiling 
points of alcohols, mercaptans, ami hydrocarbons. 

the lower meml>ers of the series the greater association of the alcohols 
causes them to have the higher boiling points, as might lx* expected by 
a comparison of the boiling points of hydrogen sulfide (b.p. — 01.8°) 
and water. In the case of the n-heptyl derivatives, association of the 
alcohol is enough to compensate for the higher atomic weight of sulfur 
in the mercaptan; the two analogs, therefore, have the same boiling 
point. Similarly, thiophennl has a lower boiling point than phenol, 
the thiocrcsols have about the same boiling points as the cresols, and 
higher thiophenols boil higher than the corresponding phenols. \ 
cation of the opinion that the sulfhydryl group has less tendency dian 
the hydroxyl group to undergo association is found (a) in spectroscopic 
data * which show that p-thiocresol is not polymerized in the solid state 
and (b) in studies 9 of heats of mixing which show that the weak donor 

*Gordy and Stanford, J. Am. ('hem. Sue., 62, 498 (1940). 

9 Copley, Marvel, and Ginsberg, ibid., 61, 3101 (1939). 
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ability of sulfur is responsible for the failure of thiophcnol to be asso- 
ciated. The latter studies also indicate that hydrogen of the sulfhy- 
dryl group may form bonds with donor oxygen or nitrogen in the case 
of thiophenol but not in the case of rc-hcptyl mercaptan. 


Preparation of Mercaptans 


Hydrolysis of S-Aikylisothiouronium Salts. Alkyl halides 10 1 11 and 
alkyl sulfates 12 react readily with thiourea, giving isothiouronium salts. 
Addition of alkali liberates the free isothiourcas, but these are not stable 
and decompose to give mercaptans (80-90 per cent) and polymers of 
cyanamide. Dihalides may be converted 10 to dithioglyeols by this 
method. 


RX + S*C 


■XII* 

‘NH* 


R — S — O 


/■ 


XH S 


xh 2 . 


XaOH 
> 


RSH + XaX + H 2 0 + (H 2 NCN) n 


Alkyl chlorides react rather slowly 11 ’ 12 and require a longer reflux period 
than the bromides and iodides. Isothiouronium salts may also be pre- 
pared directly 13 from an alcohol (using dry hydrogen chloride) and 
thiourea. Isothiouronium salts make satisfactory derivatives u for the 
identification of alkyl bromides and chlorides. S-Benzylisothiouronium 
salts of organic acids are useful 15 as derivatives for the identification of 
the acids. 

Action of Alkylating Agents on Metal Hydrosulfides. Mercaptans 
are prepared 16 also by the reaction of alkyl halides with an alcoholic 
solution of sodium or potassium hydrosulfidc. 

RX + KSH -> RSH + KX 


Other alkylating agents behave similarly; sodium ethyl sulfate was the 
alkylating agent in the first 17 mercaptan synthesis. The hydrosulfide 
solution may be prepared by saturating alcoholic alkali with hydrogen 
sulfide; in this case potassium hydroxide is generally used because po- 


10 (a) Renshaw and Scarlc, J. Am. Chem. Soc .. 59, 2057 (1937); (6) Olin and Gains, 
ibld -, 52, 3322 (1930) ; (c) v. Braun, Her., 42, 4508 (1909). 

11 Urquhart, Gates, and Connor, Org. Synthesis, 21, 36 (1941). 

12 Arndt, Milde, and Eckert, Ber„ 64, 2236 (1921). 

13 Johnson and Sprague, J. Am. Chem. Soc., 53, 1348 (193G). 

14 Brown and Campbell, J.. Chem . Soc., 1699 (1937). 

15 Donleavy, J. .4m. Chem. Soc., 58, 1004 (1936), 

16 (a) Fore and Boat, ibid., 59, 2557 (1937); (61 Ellis and Reid, ibid., 54, 1686 (193-); 
(c) Hofmann and Cahours, J. Chem. Soc., 10, 320 (1S5S). 

1T Zcise, Ann., 11, 1 (1S34); Liebig, A««., 11, 14 (1834). 
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tassium sulfide is more soluble than sodium sulfide in alcohol. Under 
some conditions (for example, when a secondary halide is used) the 
complete absence of water is desirable, and better results are obtained 
by treating absolute alcoholic solutions of the alkoxides with hydrogen 
sulfide. 

Since the mercaptans react with alkali to give mercaptides which 
may react with alkylating agents (p. 854), alkyl sulfides are by-products 
in the preparation of mercaptans by this method. 

RSH + KSH -» H ? S + RSIv KX + RSR 

This side reaction may be minimized by maintaining an excess of hydro- 
gen sulfide, either by carrying out the reaction under pressure or by 
passing in hydrogen sulfide during the reaction. 

Catalytic Alkylation of Hydrogen Sulfide. Passage of an alcohol and 
hydrogen sulfide over thoria at elevated temperatures produces the mer- 
captan. 

ROH + H 2 S RSII + H a O 

400° 

The reaction is not complete; about 50 per cent of n-butyl mercaptan is 
produced 18 by one passage of //-butyl alcohol and hydrogen sulfide over 
the catalyst. This method was used in a small plant for the production 
of n-butyl mercaptan, which was under consideration as a camouflage! 
gas (1917-1918). 

Addition of Hydrogen Sulfide to Olefins. The addition of hydrogen 
sulfide to olefins does not occur readily and requires high pressures and 
temperatures. The products arc those expected from Markownikoff s 
rule (“normal addition,” p. 038). 

SII 

100-300° I 

CII 3 — C=CH 2 + H 28 - ; > Cl I:* — C— Cl 1 3 

Clay nitiilyst 1 

! pressure j 

ch 3 CII 3 

It appears 19 that unsaturatod tcrpcncs react with hydrogen sulfide more 
readily than do simple olefins. 

Various catalysts for this reaction have been used, including clavy 
metallic sulfides , 21 and sulfur . 22 Since mercaptans may add to okfe 

1,1 Kramer and Reid, ./. Am. Chew. Sue., 43, 880 (1021). - i S75 

19 Bowlin and Ott, U. K. pat. 2,052.210 \C. A., 30, 7089 (1930;]; U. S. pat. 2,07b,!> a 
[C. A., 31, 4017 (1937;]. 

20 Reuter and Cans, U. S. pat. 2,101,090 [f\ A ., 32, 954 (1938;]. 

21 Williams and Allen, U. S. pat. 2,052,208 [ft A., 30, 7122 (193fl;J. 

21 Junes arid Reid, J. Am. (’hem. S/>c., 60, 2452 (1938;. 



ORGANIC SULFUR COMPOUNDS 343 

(p. 850), sulfides are by-products of the reaction. Disulfides and paraffin 
hydrocarbons are other by-products. 21 

Reduction of Disulfides. Disulfides undergo reductive cleavage with 
potassium sulfide, 53 zinc and acetic acid, 24 or metallic sodium. 25 


KbS 


R-S— S-R 


(Zu | CllaCoOII) 
Nil 


-> K& + 2RSK 
-> 2USII 
-> 2RSXa 


Since the disulfides arc generally no more readily available than the 
mercaptans, t his method is of limited usefulness. However, cleavage of 
disulfides with sodium may be used 25 advantageously to prepare sodium 
mercaptides, in this way avoiding the isolation of mercaptans. 

Hydrolysis of Thioesters. Reactive halogen compounds form, with 
potassium ethyl xanthato, S-alkyl ethyl xanthates which may be hydro- 
lyzed to mercaptans. 26 

S S 

!• H II OH 

RX + KSCOCall* -> R-S-C-OC 2 II 6 > RSII + C 2 II 5 0II + COS 


While the salt of any thioaeid might In? used in this reaction, the xan- 
thates are the most readily available compounds of this type and are 
almost always employed in laboratory practice. Sodium thiosulfate 
may also be used 27 (p. 862) but reacts more slowly and requires care to 
avoid the formation of disulfides. 

non 

RX -f NasSaOi -> RSSQ^a > RSH + NaHS0 4 

Miscellaneous Methods. Aliphatic sulfonyl chlorides arc reduced 
to mercaptans by the methods used for the preparation of thiophenols 
(p. 844) ; this is not useful for the preparation of mercaptans since they 
are more readily available than the aliphatic sulfonyl chlorides. Mer- 
cap tans are formed, along with sulfides and polysulfides, by the action 
of sulfur on the Grignard reagent (p. 507). Mercaptans are produced 

“Otto ami Bossing, Ii v r., 19, 3129 (1SSG). 

H Nullcr and Gordon, ,/. Adi. t'hrm. Sue., 55, 1090 (1933). 

“ Sluts and Shriuer, ibid., 55, 1242 (1933). 

26 Bobus, Ann., 72, 1 (1S49) ; -l/m., 75, 121 (1S50) ; Salomon, J. prakt. Chcm., [2] 6, 433 
fl S73); Leu c kart, ibid., [2] 41, 179 (1S90J ; Hillman, Ann., 339, 351 (1905); Mauthner, 
7 *' r -* 39 1347 (1900) ; Tsehugacff and Gusteff, Her., 42, 4031 (1909) ; Zincke and Jorg, Bar., 

^02 (1909) ; Zincke and Dahm, Her., 45, 3457 (1912). 

27 Otto and Troeger, Her., 26, 990 (1S93). 
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when disulfides are used for the dehydrogenation of cycloparaffins 
(p. 8G3). Though alcohols may be converted directly to mcrcaptans by 
means of phosphorus pentasulfide, 28 this is not a useful preparative 
method. Ethyl iodide gives ethyl mercaptan 29 with aqueous hydrogen 
sulfide, even in the presence of acid. jtf-IIydroxymercaptans, 30 /J-nmino- 
mercaptans, 31 a-aminomercaptans, 83 and /9-ketomercaptans 33 are (ob- 
tained by the special methods summarized in the following equations. 

CIIs — C 1 I 2 + IT 2 S-> IIOCIIaCIKSII 

\/ 

0 

CH2-CH2 + h 3 s -* h 2 xch 2 ch 2 sh 

\/ 

X 

II 


R 2 XCII 2 OH + II,S -> RjXCIIaSH + H 2 0 
CbHbCII— CHCOC efld + US -> CsIIsCIICI^COCsHfi 

i 

six 

Preparation of Thiophenols 

Reduction of Sulfonyl Chlorides. The reduction of an aromatic sul- 
fonyl chloride with zinc and aqueous acid 34 " or with stannous chloride 3,i 
is the most common method for the preparation of thiophenols. The 
yields are generally high (above 90 per cent), and the method is satis- 
factory unless nitre or other readily reducible groups are present. 


ArS0 2 Cl + 31I 2 % ArSII + 211*0 + IICl 

From Diazonium Salts. The reaction 35 of cold solutions of a diaz<>- 
niurn salt and potassium ethyl xanthate forms a diazonium xanthate 

5S Pi.shehirntika, J. Runs. Phys. ('hem. »S ion., 56, 11 (1925; [('. A., 19, 2808 ( 1 0 J5 1 1 ■ 

24 Brown and Snyder, ,/. Am. (.'hem. Sue., 48, 1920 (l!J2Gj. 

M Nenitzeseu and Searlatescu, Iivr„ 68, 587 (1 935;. 

31 Mills and Bogert. J. Am. Chnn. Soc., 62, 1073 (1940;. 

32 Binz and Pence, ibid., 61, 3134 (1939;. , ^ 

33 Proinm, Haas, and Hubert, Anri., 394, 290 (1912; ; Nicolct, J . Am. ('hem. &’ c > 

IMS (1935;. u , 

31 (a; Adams and Marvel, Org. S i/nlhctwx, ( 'oil. Veil. I, 490 (1932) ; Vogt, Ann., 

(1801; ; (h) Bogert and Bartlett, J. A m. C hem. Hoc., 53, 4040 ( 1931 ) ; Huter and Srrutc i 
ibid., 68, 54 (1930;. 

33 Leurkhardt, Her., 21, 915 (I88S;. 
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which, upon warming, forms an S-aryl ethyl xantliate. Alkaline hydrol- 
ysis 36 of the last gives a thiophcnol. 


s s s 

II I! a I! 

ArNVX- + KSCOCjHi ArN=N-S-C-OC 2 H 5 -* ArSCOC 2 H& + X, 

JHOII 

ArSH + COS + CtH 6 OH 


The reaction is generally mild blit occasionally explosions occur 36 when 
the xanthate and diazonium solutions are mixed. 

S-Arylisothiouronium salts may be prepared 37 by the reaction of 
diazonium salts with thiourea; these are converted by alkaline hydroly- 
sis to thiophenols. 


7 NH 2 

ArN 2 + X“‘ -|- S— C<y 

x nh 2 


NaOH 


ArSCf X 

x nh 2 | 


ArSH + (HiXCX), + XaX + H 2 0 


Similar results may be obtained 37 if thiourea is replaced by diphenyl- 
thiourea or 1,4-diphenylthiosemicarbazide. 

Small yields of thiophenols have been obtained, along with sulfides 
and disulfides, by the reaction 38 of diazonium salts with hydrogen sul- 
fide, sodium sulfide, and sodium thiosulfate. 

Other Methods. Thiophenols have been obtained in poor yields by 
the reaction of phenols with phosphorus pentasulfide 39 and by the re- 
action of aromatic compounds with sulfur in the presence of aluminum 
chloride. 40 Thiophenols arc formed, along with sulfides and disulfides, 
by the action of sulfur on the Grignard reagent (p, 508). Aryl halides in 
which the halogen is activated by the presence of other substituents re- 
act with thiourea according to the scheme described earlier (p. 841) for 
alkyl halides; for example, 2-chloro-5-nitropyiidine may be converted 
to 2-mcrcapto-5-nitropyridine. 41 The reductive cleavage of disulfides 
(p. 8411) is common to both aromatic and aliphatic derivatives. The hy- 
drolysis of thiourcthanes 42 produces thiophenols. Sulfhydryl com- 
pounds arc formed by the reduction of thiolsulfonic esters (p. 909). 


36 Ilantzsch and Freese, Ber., 28, 3240 (1S95). 

37 Busch and Schulz, J. vrakt. Chenu, 150, 173 (1938). 

3ii Griess, Arm., 137, 74 (1866) ; Graebe and Mann, Ber., 15, 1683 (18S-) ; Stadler, Be 
W. 2078 (1884) ; Klaxon, Ber., 20, 349 (1887) ; Tassinari, Bit., 25, 908c (1892). 

3S Flesch, Ber., 6, 42$ (1873) ; Fittica, Ann., 172, 303 (1874). . 

, 40 Friedel and Crafts, Ann. chim. phy [6] 14. 438 (1888); Glass and Re.d, J. Am. 
Soc., 51, 3428 (1929). 

41 Surrey and Lindwall, /. Am. Che.m. Soc., 62, 1697 (1940). 

42 v. Braun, Her., 42, 4568 (1909). 
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Reactions of Mercaptans and Thiophenols 

With Alkali. Sulfhydryl compounds are considerably more acidic 
than the corresponding hydroxyl compounds and, as would be expected 
by analogy with their oxygen analogs, thiophenols are more acidic than 
mercaptans. 

Low-molecular-weight mercaptans and thiophenols dissolve in 
aqueous alkali with the formation of extensively hydrolyzed mercap- 
tides. 

RSH + NaOH RSXa + II 2 0 

However, sodium methyl mercaptide may be isolated from aqueous 
solution, 43 and the sodium salts of some high-moiccular-weight thio- 
phenols are quite insoluble. Mercaptans of high molecular weight are so 
insoluble in water that the above equilibrium is shifted to the left and 
these mercaptans are therefore insoluble in aqueous alkali. 44 

In refining gasoline, the removal of mercaptans is based on their 
solubility in alkali. The naphtha is washed with alkali, removing most 
of the mercaptans of low molecular weight. The solubility of mercaptans 
in hydrocarbons, however, shifts the iiiereaplaii-nuTeuptide equilibrium, 
and some mercaptans, especially those of high molecular weight, remain 
in the hydrocarbon layer. The method is improved by the addition 40 
of substances such as sodium isobutyrate which increase the solubility 
of mercaptans in the aqueous layer. Steam distillation of the aqueous 
mercaptide solution removes the mercaptans, and the alkaline solution 
remaining may be used again for the treatment of naphtha. 45 

The sodium mercaptides are useful for the synthesis of sulfides 
(p. 864). Alcoholic alkali may be used for the preparation of mcrcap- 
tides from mercaptans which are insoluble in aqueous alkali. In reac- 
tions which require anhydrous conditions the mercaptides are prepared 
by the reaction of mercaptans with sodium alkoxides. 

RSII + ROXa RSXa + ROH 

With Salts of Heavy Metals. Tin.* reaction of a mercaptan or thi<>- 
phonol with an aqueous solution of the salt of a heavy metal giu' s ‘ l 
highly insoluble mercaptide*. Mercury, lead, zinc, and copper ineivup' 
tides have probably been the most widely studied 47 of compound () i 

43 Phillips and Clarke, ,/. Am. Chan. S 'or., 45, 1755 (1923;. 

44 YuhrofT, Ind. En%. Chan., 32, 257 (1940;. „ ^ i[f 

45 Yabroff, Berkeley ami White, U. S. pat. 2.149.379 [C. A., 33, 4112 (IWiOiJ: I ^ 
2.149,380 \C. A., 33, 4412 (1039; J; Yabroff ami White, Ind. Ena- Chan., 32, 9-m9 i - 

46 liirrh arifl Norris, ./. ('hem. Soc., 127, K9S (1925;. )(oiiu\ 

47 Wertheim, ./. Am. Chan. Sue., 51, 3001 (1929); Sarhs, Schlesintfor, 11 
Ann., 433, 154 ri923; ; Bertram, for., 25, 03 (1892;; Mason, Err., 20, 3412 <!**'■'■ 
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this type, but many others (silver, gold, platinum, palladium, iridium, 
nickel, iron, cobalt, tin, and cadmium mereaptides) have been prepared. 48 

2RSH + (CH 3 COO) 2 Pb -> Pb(SR) 2 + 2CH 3 COOH 

Velio w 

The mereaptides are covalent compounds, insoluble in water and 
soluble in organic solvents. Some of them are so readily formed* and 
so insoluble in water that they are precipitated even when a strong acid 
is the other product (c.g., the reaction of a mercaptan with silver ni-. 
trate). However, in order to insure complete precipitation of the mor- 
captide, the acid is neutralized or the reaction carried out with the 
metallic salt of a weak acid (mercuric cyanide, mercuric oxide, load 
acetate, etc.). When polyvalent metals are used, the intermediate ex- 
pected from the stepwise reaction of the mercaptan with the salt may 
sometimes be obtained. For example, alkylmcrcaptomercuric chlorides 
may be obtained from the reaction of mercaptans with mercuric chlo- 
ride in alcohol solution. 49, 50 

RSIl + HgCh — — > RSHgCl + HC1 

Alcohol 

The lead mereaptides from the higher mercaptans are soluble in 
gasoline 61 but are converted by atmospheric oxygen to insoluble per- 
oxides. 52 The mereaptides of heavy metals may be used in metathetical 
reactions in the same way as the sodium mereaptides. The mercury and 
lead mereaptides differ in their behavior upon pyrolysis; the former give 
disulfides and the latter sulfides. 53 

(RS) 2 Hg A RSSR + Hg 
(RS)*Pb ^ RSR + PbS 

An unsymmetrical mercury mcrcaptide, “merthiolate, 5 is used as 
a germicide. 

a COONa 
8HgC 2 H 5 


48 Manchot and Davidson, Be r., 62, 084 (1929) ; Wuyts and Vangindertaelen, Bull. sue. 
shim. Belg., 30, 223 (1921) [f. .4., 16, 3077 (1922)]; Ray, J. Chem. S oc., 115, 871 (1919); 
ibid, 123, 133 (1923); Hermann, Ber„ 38, 2813 (1905); Ivlason, J. prakt . Chem., [2] 67, 
1 (1903); Hofmann and Rate, Z. anorg. Chem., 14, 293 (1897) ; WiUgerodt, Bcr., 18, 331 
(1885). 

* The name “mercaptan” results from the ready reaction of this senes with mercury 


salts ( corpus mercurius captans”). 

49 Debus, Ann. t 72, 18 (1939) ; Gerlich, Ann., 178, S8 (1875); Kay, J. Chem. Soc., 115, 
87 1 (1919). 

i0 Rawlings, J. Chem. Soc., S68 (1937) ; Frederick and Challenger, ibul, 1872 (1938). 


51 Fore and Bost, J. ini. Chem. Soc., 59, 2557 (1937). 


Ott and Reid, I ml. Eng. Chem., 22, 884 (1930). 
ss Otto, tfer., 13, 12S9 (1880). 
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With Carboxylic Acids. The reaction 54 of mercaptans and thio- 
phenols with carboxylic acids other than formic acid is analogous to the 
esterification of alcohols. Assuming that the mercaptans, like the alco- 
hols, 55 react initially by addition to the double bond of the carboxvl 
group, it is understandable that the products are thiolesters and water 
rather than esters and hydrogen sulfide. 


R X 


+ R'SH 


*» a® 

li—rf 


OH 


R-Cf + H 2 0 
X SR' 


u Oil G 
R— C-OH 

I 

SIC 


The reaction is reversible and the equilibrium unfavorable for (he for- 
mation of thiolesters in good yields. For example, in the reaction of 
ethyl mercaptan with benzoic acid the velocity constant (k { ) of the 
esterification reaction is one thirty-second of that of the hydrolysis 
reaction (k 2 ). In this case, the equilibrium mixture from equimolar 
quantities of the reactants contains only lo per cent ethyl thiolbon- 
zoate. 56 In the corresponding esterification with ethyl alcohol and ben- 
zoic acid, is about four times k 2 and at equilibrium about (37 per cent 
of the reactants have been converted to ethyl benzoate. It may be 
noted that the above mechanism agrees with the observation (p. 936) 
that thioacids react with alcohols to give esters and hydrogen sulfide. 

The primary mercaptans give approximately the same yields of 
thiolesters with the exception of methyl mercaptan, which gives slightly 
higher yields, 57 The difference in reactivity 58 between primary and 
secondary mercaptans is similar to the difference between primary and 
secondary alcohols. 

The reaction of formic acid with mercaptans and thiophenols docs 
not stop with the formation of a thiolformatc; the products arc trithio- 
orthoformates. 59 

0 0 SR 

1 1 l| 2RSII I 

RSH + IICOH II 2 0 + IIC— SR — — > H z 0 + JIC-SR 

SR 

M Faber and Reid, ./. Am. ('hem. Soc 39, 1930 (1917). ^ 

“Roberts and Urey, ibid., 60, 2391 (l!)3Kj; ibid., 61, 2584 (1939); Datta, > 3 
Infold, J. Chtm. Soc., 838 (1D39); Hughes, Ingold, and Masterman, ibid., 840 (11 
M Reid, Am. Chvm. 43, 489 (1010). 

57 Pratt and Reid, Am. ('hem. Soc., 37, 1934 (1915). 

H Kimball and Reid, ibid., 38, 2757 (1910j. 
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The carboxylic acid chlorides (but not sulfonyl chlorides [p. 907]) 
react normally with mercaptans and thiophenols, giving thiolesters 
(p. 932). 

With Aldehydes and Ketones. The reaction of sulfhydryl compounds 
with the carbonyl group is analogous to the formation of acetals from 
alcohols but two important differences may be emphasized: (1) Sulf- 
hvdryl compounds have a much greater reactivity than hydroxyl 
compounds in addition reactions. Although the phenols do not re- 
ad with carbonyl compounds to form acetals or ketals and although 
alcohols seldom give ketals directly by reaction with ketones (p. 653), 
thiophenols and mercaptans react with both aldehydes and ketones. 
(2) The products obtained from sulfhydryl compounds are much more 
stable than acetals and ketals. Mercaptals and mercaptols are not 
readily hydrolyzed by acid and arc stable toward alkali. 


>C=0 + RSII -+ 



nsii 


ZnCl 2 
or HC1 


> >C< 


SR 

SR 


+ H 2 0 


The products obtained from aldehydes are known as mercaptals , and 
those from ketones as mercaptols. The initial product of the reaction is 
a hemimercaptal (or hemimereaptol) which reacts with another mole of 
sulfhydryl compound spontaneously or in the presence of a catalyst 60 
to give the mercaptal (or mercaptol). Hemimercaptols have been ob- 
tained from the quinones derived from the polynuclear aromatic 
hydrocarbons, 61 from chloral, from alloxan, 62 and from formaldehyde 63 
(monothiohcmiformals) . Monothiofonnals may be piepared from 
a-chloroinethyl sulfides or ethers. 


RSH ^ RSCH.C1 — > RSCH 2 OR' CICH 2 OR' 


ch 2 o 


R'OH 


Dimercaptols are formed by the reaction of mercaptans with both 
carbonyl groups of diacetyl, acetylacetone and acetonylacetone, but in 
other 1,2 and 1,3-diketoncs only one carbonyl group reacts.® Mercap- 
tals and mercaptols may be prepared • from aldehyde and ketone sugars 
by reaction with mercaptans in the presence of hydrochloric aci . e 

“Baumann, Bcr., IS, 884 (18S5); 19, 2803 (1886); Posner, Ber 36 296 (1903) ; Ber, 
32 > 1239 (1899); Autenricth, Ann. 259, 365 (1890); Ber., 24, 160 (1891). 

01 Sfhonberg, Schutz, Arend, and Peter, Ber., 60, 2344 (^7); 

62 d’Ouville, Myers, and Connor, J. Am. Chem. Soc., 61, 2033 

61 Levi, Gazz. chim. ital., 62, 775 (1932). irvon 

e4 Boh me, Ber., 69, 1610 (1936) ; Wenzel and Reid, J. Am. Chem. Soc., , 

66 Posner, Bcr., 33, 29S3 (1900); Ber., 35. 503 (1902). 

„ - tuscher, Bcr., 27, 673 (1884) ; Lawrence, Ber., 29. 547 (1890) i Itoctej, Heifers*, and 
Ostman. no c-ro /tr»o nx . T 7 .,^o 7i„U Chem. Soc. Japan., 4, 264 uy-y;. 
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products arc readily crystallized, not very soluble in water, and have 
been useful in sugar chemistry (p. 1575). 

With a,/3-Unsaturated Ketones, Acids, and Esters. Mercaptans and 
thiophenols react 67 with a,0-unsaturatcd ketones, esters, and acids, giv- 
ing 0-alkvl thio derivatives (presumably by 1,4-addition). 

C 6 H 6 CH=CHCOC«H 5 + RSH -> 

OH 

I 

CkIUCII— CH=C--C 6 H6 -> CeHfcCHCHsCOCJIi 

I I 

SR SR 

In some cases the reaction occurs without a catalyst, in others piperidine 
or sodium ethoxide is necessary. The above reaction may be reversed 
by treatment with a base in the presence of lead acetate. 

2C 6 H s CHCH 2 COC 6 H 5 + Pb(OCOCII 3 ) 2 + 2XaOFI -> 

SR 

2C«HftCII=CIlC()CcHj + Pb(SR) 2 4- 2CII 3 COOX:i 

With Olefins. 53 Although hydrogen sulfide adds to olefins (p. 842) 
in accordance to MarkownikofFs rule (“normal addition”), most of the 
reactions reported for mercaptans and thiophcnols occur in the manner 
contrary to this rule 72 (“abnormal addition”). The apparent contra- 
dictions concerning the mode of addition which appear in the older 
literature are a result of an incomplete understanding of the factors in- 
fluencing the addition. Addition in the fashion opposite to that ex- 
pected from MarkownikofTs rule is catalyzed by peroxides, 22 ’ ,0 light,' 
and phosphoric acid. 72 Ordinary samples of hydrocarbons and thio- 
phcnols appear 22 to contain enough peroxides to bring about this reac- 
tion. No addition occurs with carefully purified reagents; 22 in the P 1 ’ 0 *' 
ence of sulfur- 2 (as ethyl tetrasulfide) or sulfuric acid ' 2 (diluted u*U 
water or acetic acid) reaction occurs in accordance with Markownikoff* 
rule. 

« Niro lot, J. Am. Chem. .W„ 53, 3000 (1031 ) ; ihid., 57, 1098 (1035) ; Moreau unci Ha- 
inan, Jiiochf m. ./., 32, 733 (1038;. t ^ 27, 

For a more complete review of this subject, sec Mayo and Walling, (-hem. 

:151 HfMO;. „ ml (iftfS). 

e » Posner, Her., 38, 040 (1005); Ashworth and Burkhardt, J. Cham. Soc., a'- 

70 Kharawh, Head, and Mayo, Chum. and hid., 752 (1038). 

71 Carothers, ./. Am. Cham. Sue., 55, 2(K)8 (1033). . - I[li;t ii, 

77 (a, Ipatieff, Fines, au<l Friedman, ihid. , 60, 2731 (1038) ; (&) Ipatieff ami ' 

ibid., 61, 71 (1030;. 
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(Ctf j)*C=CHCK 3 + RSH- 


CCII 3 ) 2 CH-CHCH 3 (90%) 

SR 

SR 

I 

-> (CH :} ) 2 C-CH 2 CII 3 (70%) 


Addition to acetylenes will also occur, 73 but there are indications 7 
that it may not take place as readily as with olefins. 


CfiHofeCII + RSII -> C*lhClI=€HSR 


With Nitriles. Imino thiolestcrs are formed by the reaction of mer- 
captan s and thiophenols with nitriles 74 in the presence of dry hydrogen 
chloride. 


. HCl 1 // 

RC=X + R'SIf — > R-Cf 


XHIIC1 

■SR' 


Solid derivatives suitable for the identification of cyanides are obtained 
by the reaction of mercaptoaeetic acid with cyanides. 73 

With Oxidizing Agents. Compounds containing the sulfhydryl group 
arc readily oxidized to disulfides and, by strong oxidizing agents, to 
other products (pp. 8G2, 888, 007). 

2RSH + 0 RSSR + H 2 0 

Such varied reagents as halogens, hypohalites, nitric acid, concentrated 
sulfuric acid, potassium permanganate, potassium ferricyanide, sulfuryl 
chloride, ferric chloride, sodium polysulfide, “positive” halogen com- 
pounds (p. 854), sulfur dioxide, and atmospheric oxygen constitute a 
partial list of the substances which oxidize mercaptans and thiophcnols. 
Oxidation by air occurs very readily, especially in alkaline solution, 
Though the oxidation of sulfhydryl compounds to disulfides will be dis- 
cussed later (p. 801), it may be noted that the use of iodine as the oxidiz- 
ing agent for this reaction has been adapted to the quantitative deter- 
mination of these compounds.' 6 Momentary sulfur ‘ 7 also causes the 
oxidation of sulfhydryl compounds. 

73 Kohler and Potter, ibid., 57, 1316 (1935) ; Fr. pat. 777,427 [C. A., 29, 4024 (1935)]; 
Gcr - Dal. 617,543 [C. A„ 30, 733 (1936)]. 

7, Auteurieth and Bruning, Bar 36, 346-1 (1903); Pinner and Klein, Bit., 11, 762 
(1878) . 

75 Condo, Hinkcl, Fnssero, and Shrincr, J. Am- Chew, hoc., 59, 230 (1930- 

76 Sarnpey and Reid, ibid., 54 , 3404 (1932). 

77 Holrnberg, Ann., 359, SI (1908). 
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“Sweetening” gasoline is a commercial application of mercaptan 
oxidation. Litharge is dissolved in alkali and the plumbile solution 
(“Doctor” solution) agitated with “sour” naphtha. This converts the 
mercaptans to soluble thioplumbitcs (RSPbONa) and to lead mer cap- 
tides. The former are removed in the aqueous layer and the mer cap- 
tides remain in solution in the hydrocarbon layer (p. 8*17). Treatment 
with sulfur converts the mcrcap tides to disulfides. 

(RS) 2 Pb + S -► RSSR + PbS 

Lead sulfide is precipitated and the disulfides remain in solution. The 
presence of disulfides in gasoline is less objectionable than that of mer- 
captans because the mercaptans are more corrosive 78 and have a more 
disagreeable odor. 

With Organometaliic Compounds. The sulfhydryl group, one of the 
most reactive of the active hydrogen types (p. 409), will liberate a hydro- 
carbon from organometaliic compounds, with the formation of a mer- 
capticle. 

RSH + R'M RSM + Il'll 

M — a metal 


Mercaptans and thiophenols will react with tricthylbismuth and tetra- 
ethyllead. These two organometaliic compounds may give a limited 
reaction with strong carboxylic acids but do not react with ==NH, 
— OH, — C=CH, ~N=N— , or — XO 2 groups and they may therefore 
be used for the detection and determination of sulfhydryl groups.* 9 
Other Reactions. The identification of mercaptans by reaction of 
their sodium salts with sodium a-anthraquinonesulfonate (p. 895), the 
reaction of mercaptans with wilfonyl halides (p. 007), with ethylene oxide 
(p. 857;, with formaldehyde and amines (p. 857), with anhydrides and 
acyl halides (p, 0d2;, and with halogens (pp. 020 and 880) are mentioned 
in other parts of this chapter. Primary and secondary mercaptans 
a red color 8n with nitrous acid; tertiary mercaptans and thiophenok 
give a green solution which later changes to red. The nitroprusdde 
test H1 is commonly used for the qualitative detection of the sulfhydnl 
group. 

7 « Wendt and Diggs, Irul. Eng. Chem., 16, 1113 (1924;; Morrell and Faragber, iM-. 
19, 1045 (1927;; Larhman, ibid., 23, 354 (1931;. 

7S Gilman and Nelson, ./. Am. Chem, Sue., 69, 935 (1937). 

M Kheiriholdt, 60, 184 (1927). , ^ 

,l Mulliken, "Identification of Pure Organic Compounds, M John Wiley 
York (1922;, Vol. IV, p. 17; Karnrn, "Qualitative Organic Analysis,' 1 2nd cd., 

& Sons, New York (1932), p. 162. 
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General Characteristics 

The low-molecular-weight sulfides (thioethcrs) have odors 82 which, 
though disagreeable, are not so objectionable as those of sulfhydryl 
compounds. Diallyl sulfide is ah important constituent 83 of oil 
of garlic (Allium* sativum). y-Hydroxypropyl methyl sulfide 84 
(CH3SCH2CH2CH2OH) has been isolated from soy sauce. The natu- 
rally occurring a-amino acids methionine (p. 1136 ) and djenkolic acid 
(p. 1 135 ) are also sulfides. 



12 3 4 0 ti T 8 

Fio. 2,— Number of carixjn atoms in R (R = CJUr+i). Comparison of the boiling 


points of ethers, sulfides, and hydrocarlms. 

The sulfides are non-assoeiated substances with boiling points 
2) about the same as those of hydrocarbons, ethers, and mercap- 
tans of the same molecular weight (S of either sulfide or thiol CII2— 0 

, 1 I I 

ai1 ether =0 CII 2 — CH 2 ). It has been pointed out that 85 — S — and 

® 5 Finckh, Jier., 27, 1239 (1894). 

3 Wertheim, Arm., 61, 289 (18441 ; Ann., 55, 302 (1845) ; Pless, Ann., 58, 37 (1846) ; 
Udwig, Ann., 139, 121 (1866); Semmler, Ann., 241, 117 (1887). 

The name of the allyl radical is derived from ‘'allium/' 

J Akabori, J. Cham. Sac. Japan, 57, 832 (1936) [C. A., 31, 1355 (1937)]. 

Meyer, Ber., 16, 1465 (1883) ; Krlenmcyer, Berger, and Leo, Helv. Chim. Acta, 16, 737 
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— CH=CH — arc isosteric and there are many striking similarities in 
the chemical, physical, and physiological properties of isos teres con- 
taining these structures. 

Preparation 

By Alkylation. The reaction of mcrcaptides with alkylating agents 
(alkyl halides, alkyl sulfates, sodium alkyl sulfates, or alkyl sulfonates % ) 
is analogous to the Williamson synthesis of ct hoi’s but occurs much more 
readily. 

RSXa + RX -* RSR + NaX 

Alcohol is usually a good solvent for the reactants and is frequently used 
as the reaction medium (rf. p. 840). 

Poly halogen compounds 59 • 87 such as methylene halides, 26 dichloru- 
acet amide, 93a chloroform, 1,1.2-trichloroethane, ethylene halides, acety- 
lene dichloride, and acetylene tetrachloride behave normally in this re- 
action, with complete replacement of the halogens by alkyllhin groups. 
Carbon tetrachloride 88 and some alkylene halides 89 cause oxidation of 
the mercaptide to disulfide. 

CCh + oRSNa + C 2 Il 5 OII-* CTI(SR) 3 + USSR + 4XaCl + NaOCdb 
CeHsCHUrCIIBrCell* + 2RSX:t — C 6 II 5 ni=- CIICeH* + USSR + 2Xallr 

Instead of undergoing metathesis, compounds containing "positive” 
halogen may oxidize the mercaptide to disulfide. For example, triben- 
zoylmethy] chloride 90 and sodium p-tolylmercaptide give the sodium 
salt of tribenzoylmethane and di-p-tolyldisulfulc. 


(CYHsCOjaCCl + 2 p - CltCJIiSXa -> 

OXa 

(C 6 TI 5 CO) 2 C-CC 6 Il6 + CII: { C 6 H4 SSC c H. 1 CH; ! + NaCl 

Other halogen compounds which may cause oxidation of mercaptide.' 
include ethyl a-chloroacetoacetate/ J1 phenaeyl chloride, 90 bronumitr»“ 

f,B Gilman and BcuIkt, .-tw. Cht.m. S»r., 47, 1440 (1925). , 

"Gabriel, for., 10, 1S5 (1S77j ; Otto, for., 27, SUM (1S91); Olto, ./. \ >raht. 

51, 2*o (l%95i; Otto and Muhle, fo r,, 28, 1120 (1S95i; I'romm, BenxinKor, and Sehaier, 
Ann., 394, 82 5 0912) ; I'romm and Siebi rl, for. 55, 1014 (1922): Fromm and Landniiiin'. 
for., 56, 2290 (1928; ; Kohler mid Ti.-dilei, ./, Am. < hmi. Sue., 57, 223 (1935) ; du \'W<* w 
and Pat.ter.sfm, ,/. Biol. (Jltc/rt., 114, 533 (1930). 

flH Baeker and Htodchouder, for. tmz. rh im . , 52, 437 (1935). __ 

S3 Otto, for., 23, 1051 (1S90; ; Otto and Muhin, ./. />rnkt. Chem., [2] 51, 517 (1S95). 
ibid., [2] 53, 1 (1K90). 

10 Kohler and Potter, ./. Am. Cham. Soc., 58, 2100 (1930). 

SI Finder and Mem meter, prnl.t. Cfu-tu., 79, 149 (1909). 
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methane, 92 a-bromo amides, 93 " a-sulfonyl-a-halo-amidt's,* 36 - r and «-hro- 
mosulfones. 94 The oxidation reaction is favored by high temperatures; 
metathesis may sometimes be made the main reaction 93 by operating 
at room temperature or lower. 

While aryl halides which lack activating groups do not undergo 
metathesis with sodium mercaptides under ordinary conditions, p-niiro- 
rhlorubenzene 16u and 2,4-dinitroehlorobenzenc 95 react to give sulfides. 
It has been reported that sulfides are formed by the reactions of aryl 
bromides with lead mercaptides, 96 and of aryl iodides with sodium mer- 
cap tides in the presence of copper. 97 

(RS)jPb + 2ArBr — > 2RSAr + PbBr 2 
RSXa -b Arl — > ArSU + Nal 

The preparation of symmetrical sulfides may he carried out success- 
fully by the action of alkylating agents on sodium or potassium sul- 
fide. lfiri 98 

2RX + K 2 S -> RSR + 2KX 

The conversion of thiophenols to sulfides may be accomplished in the 
presence of sulfuric acid, using tertiary alcohols or olefins as alkylating 
agents. 720 ’ 99 

(CH 3 ) 3 COH 

or 

(CH 3 ) 2 C=CH2 — 

From Olefins. The formation of sulfides from olefins by the addi- 
tion of hydrogen sulfide, mercaptans, and thiophcnols has already been 
discussed (pp. 843, 850) and needs no further mention. 

Sulfur chloride (S 2 C1 2 ) reacts with olefins by addition to two equiva- 
lents of the unsaturated compound. Though the mechanism of the 
reaction is obscure, it appears to involve two stages 100 and it is likely 
that sulfur dichloride (SC1 2 ) is the reactive agent. 501 The fate of the 

92 Mel'nikov, Gen. Chan. (V.S.S.R.), 7, 1.54(i (1937} [C. A., 31, S504 (1937)]. 

93 (a) d'Ouville and Connor, J. Jw. Chm. S ue., 60, 33 (193Si; (b) Ziegler ami Connor, 
62, 1049 (1940); (c) Barr, Ziegler, and Connor, ibu}., 63, 105 (1941). 

M Ziegler and Connor, iirid., 62, 2590 (194 )). 

98 Bost, Turner, and Norton, ibid., 54, 19S5 (1932). 

95 Bourgeois, Bcr., 28, 2312 (1895); Kraft and Bourgeois, Bcr„ 23, 3045 (1890). 

97 Mauthucr, Her., 39, 3593 (1900). 

98 Cahours and Hofmann, Ann., 102, 291 (1857). 

** Lee, U. S. pat. 2,020,421 [C. .1., 30, 489 <193<h]. 

i °° Conant, Hartshorn, and Richardson, J. ,4f». Sne., 42, 585 (1920).^ 

01 Patrick and Haekerman, J. Pkys. Chan., 40, 679 (1930); Cooley and Yost, J. Am. 
(,hein - s °c>, 62, 2474 (1940). 


— (Cl^jCOSOall (t'Hj)jCSAr + IIjSO, 
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extra sulfur is uncertain, 10 - but some of it Is present as disulfide and tri- 
sulfide. This reaction was used 103 by the Allies in the war of 1914-1918 
for the conversion of ethylene to mustard gas. 

SaCb <=± SC1 2 + S 
CH 2 =CH 2 + SCl 2 -» C1CH 2 CII 2 SC1 
C1CH 2 CH 2 SC1 4- CII*=CH* -> C1CH 2 CH 2 SCII 2 CH 2 C1 

The mccnanism indicated for this reaction suggests that sulfenyl chlo- 
rides should be capable of reacting with olefins; examples of this have 
been noted lM but not extensively investigated. 

ArSCl + CH 2 =CH 2 -> ArSCII 2 CII 2 Cl 


The reaction of sulfur chloride (S 0 CI 2 ) with dimethylbutadiene and 
isoprene occurs by 1,4-addition; 105 butadiene is chlorinated by this re- 
agent. 


-c-ch 3 

Cl 

1 

CHa-C 

Cl 

— c: — cir- 

+ S 2 Cl2 — ; > 

| 

i 

CH, Culd 

CIl 2 

cu 2 


\s/ 


From Diazonium Salts. Symmetrical aryl sulfides may bo obtained 
by 106 the reaction of diazonium salts with sodium sulfide or sodium thio- 
sulfate. Thiophcnols 107 and disulfides 10H may bo by-products of the 
reaction. 

2ArX2 + X“ + Xa 2 S — * ArSAr -f* 2 XaX -H X 2 

Unsymmetrical diaryl sulfides or alkyl aryl sulfides may bo ob- 
tained 109 by the reaction of diazonium salts with the sodium salts of 
thiophcnols or mercaptans. The products are diazosulfides, which upon 
heating in alcohol solution decompose to give sulfides. 

ArX 2 + X“ + RSXa ArX=XSIl A ArSR + X 2 

1M y el sing, Arenson, and Kopp, hid. Eng. Chr.m., 12, 1051 (1920; ; Markevich, Ct/MJ- 
(C.S.S.H.), 2 , 425 (1920; [('. A., 30, 7011 (1930)]. 

103 Pelting and Aronson, htd. Eng. Chew., 12, 1005 (1920) ; Gibson and Pope, ■/■ ^ ( 

,S 117, 271 (1920;; Green, J. Soc. Chew, hul., 38, 409 (1919) ; ibid., 39, 303 

101 Urherc/ al., Ihr., 55, 1474 (1922;. 

105 Barker and Strating, lire. Irat. chim ., 54, 52 (1935). 

106 OriesH, Ann., 137, 74 (1800); Stadler, Her.. 17 , 2078 (1884); Klason, Btr., ' 
(1887;; Tassinari, Her., 25, 908 (1892). 

M Graebe and Mann, Her., 15, 1083 (1882). 

10K Purgotti, (razz. chim. it at., 20, 24 (1890). t ^ ^ 

10> Stadler, Iier., 17, 2075 (1884;; Ziegler, Her , 23, 2409 (1890;; U. S. P»t» 

[C. A., 30, 489 (1930;|. 
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From Aldehydes and Ketones. The mercaptals, mercaptols, trithio- 
orthoformates (pp. 848-9) and the cyclic trimers of thioaldehydcs and 
thioketones (p. 923) arc sulfides which arc prepared by methods described 
elsewhere. a-Dialkylaminosulfides may be obtained in good yields >»• 
by the reaction of mcrcaptans and secondary amines with formaldehyde. 

RSH + CH 2 0 + HXR 2 -4 RSCII 2 NR 2 + H 2 0 

a ) a / -Di-(dialkylamino)-suIfides are formed 32 by the reaction of hydro- 
gen sulfide with methylol amines obtained from formaldehyde and 
secondary amines, 

R 2 NH + CH 2 0 > r 2 nch 2 oh 

2 R 2 NCH 2 OII + H 2 S RjNCIIsSCHjsNR* + 2H 2 0 

The formation of a-chloromethylsulfides from mercaptans, formalde- 
hyde, and hydrogen chloride has been mentioned previously (p. 849). 

Other Methods, feulfidcs are formed by the thermal decomposition 
of lead mercaptides (p. 847), the replacement of the — S0 3 Na group in 
certain aromatic sulfonates (p. 895), and the introduction of the RS— 
group into active methylene compounds by the use of thiolsulfonic 
esters (p. 910) or sulfenyl chlorides (p. 923); these methods are discussed 
elsewhere. Sulfides may also be obtained (1) catalytically 110 from mcr- 
captans in the presence of a metallic sulfide catalyst at high tempera- 
tures, (2) from aromatic hydrocarbons and chlorides of sulfur, 111 and (3) 
from the reaction of ethylene oxide with hydrogen sulfide, 30 mercap- 
tans, 1,2 or thiophenols. 

2RSII > RSR + US 

Metallic 

sulfide 

Na»S 

ArH + S 2 C1 2 -» ArSjCl — — > ArSH 


+ 2S 2 C1 2 - 




C«H e + S 2 C1 2 CsHeSCjIIs + CeHtSH + C«H^SC,II, + 

CH2— CH S + HjS -> HOCHjCHjSH -* HOCHjCHjSCHsCHjOH 

\/ 

CH„— CH S + RSH -> HOCH 2 CH 2 SR 



Sabatier and Mailhe, Cam pi. rend., ISO, 1509 (1910). 

1 Krafft and Lyons, Ber., 29, -135 (1890) ; Schmidt, Ber., 11, 1168 (1878) ; Friedl&nder 
and Si mon, Ber., 55, 3969 (1922) ; Wood and Fieser, J. Am. Chem . Hoc., 62, 2674 (1940). 
! Fromm and Jorg, Ber. t 58, 304 (1925). 
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Reactions 


With Halogens. Under anhydrous conditions sulfides react with 
chlorine, 113 bromine, 113, 1,4 or iodine 115 to form dihalide addition products. 
These products may be considered molecular compounds, or as having 
a structure similar to that of sulfonium salts (p. 419). 


R-S-R + X 2 -> R ; S'Xj 


X 

t 

It— S— 11 


f 


X“ 


The formation of dihalides occurs with great case 116 when methyl or 
methylene groups are adjacent to sulfur. The reaction with bromine 
takes place so readily that it has been used 117 as a quantitative method 
for the determination of sulfides. The reaction of halogens with aryl 
sulfides 113 must be earned out below 0° to avoid nuclear halogenation. 

In the presence of water the simple* sulfides arc oxidized by halogens 
to sulfoxides, 113 probably by formation of the dihalide, followed by hy- 
drolysis (p. 871). If the reaction is carried to completion, sulfones are 
formed. 118 Under these conditions compounds containing two sulfide 
linkages attached to the same carbon atom 119 (inereaptuls, trimeric 
thioaldehydcs, etc.) may be cleaved with the formation of sulfonvl 
chlorides. 

(RS/ 2 CH 2 + CC1 2 + 5II-0 > 2RSO-.C1 + CIUO + 10ITC1 
(CII 2 S .)3 + TClj + 5IIoO -> 2 CICII 0 SU 0 CI + CII 2 O -f 10TIC1 + S 

With Inorganic Salts. The sulfides form addition compounds ljn with 
salts of the heavy metals such as mercury, platinum, palladium, and 
gold. Probably these form as a result of tin* donor activity of sulfur, 
and the products obtained from mercuric iodide, 1 - 1 for example, may 
be represented as follows. 

RaS -f llgl 2 - R— S— >llgl 2 

I 

R 

U3 anrj Vogt. /Inn., 381, 337 0911). 

114 Ohclintzev, J. /f «.■;#. l J hu*. (‘hem. Snr., 44, 1SS5 (1913). 

115 Patein, li'iiL m*. chon., 50, 201 (1SKS). 

516 ]• romin ami Kaizi.-w, .•!««.. 374, 90 0910;. 

n: Samf/ey, Slagle, and Reid, ./. Am. ('hem. .Sec., 54, 3401 (1932). 

o* Hoe.' e ken , H<r. trar . chim 29. 315 0910). 

m Lee and Dougherty, •/. Org. Chew., 5, K1 0940). y 

*» Loir, Ann., 87, 309 0*53) ; Ann. chim. f ,h ]f H., gi] 39, 441 ( IS53) ; Blomstrarnm ^ ^ 
Chem., (2) 38, 525 OSSK; ; laragher, Morrell, and Comay, J ■ Am. (hem. 

0929). 

121 Phillips, J. Am. ('hem. ,SV„ 23, 250 0901). 
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These addition compounds are usually solids. Those obtained will, mer- 
curic chloride have been useful ■- in the Isolation of sulfides from iietro 
leum distillates; the alkyl sulfides may be recovered hr treatment of the 
addition products with hydrogen sulfide. Solid products obtained by 
reaction with paUadous chloride » have been used for the identification 
of sulfides. 

With Cyanogen Bromide. The cleavage of sulfides by cyanogen 
bromide 124 is analogous to the cleavage of the aminos with 'this re- 
agent. The products obtained from unsymmotriral sulfides depend 
upon the “relative electronegativities” (p. 1072) of (he groups; if both 
arc saturated alkyl groups the smaller radical appeal's predominantly as 
the bromide. 

R'SU -f BrCN -> R'lir + RSCN 

Other Reactions. The reactions of sulfides with alkyl halides, (p. 8fi7) 
and with oxidizing agents (pp. 870, 874) are discussed elsewhere. Sul- 
fides form addition products with hexaphenylothane. 125 r I’he hydrogen 
attached to the a-earbon in sulfides is more acidic 126 than in the corre- 
sponding ethers ; this is shown by the observation that methyl phenyl 
sulfide undergoes mctalation of the methyl group, whereas anisole gives 
ring mctalation. 

CVRiSCIIa -f- C4H9L1 — > C|H U ~|" OellfiSCHnbi 

'l he pyrolysis of mercaptols 127,1 is reported to give vinyl sulfides and 
polymers; the latter arc said to be formed from allenes. 

(CH 3 ) 2 C(SR) 2 — — > RS1I -f CII--C- SR -> 

ZnClj 

cil* 

MerPiiptol 

RSII + Clh-C=CII 2 - - - - > Polymers 

Mercaptols react with alcohols at low temperatures under the influence 
°f acids, giving 121h acetals and mereaptans. 

R 2 C(SC 2 H s ) 2 + 2CH3OU R 2 C(OCII 3 ) 2 + 2C2H&SH 

Acid 

m Mabery ami Smith, .4w. Chcm. J., 13, 232 (1S91) ; MeKitlriek, I ml. Eng. Chew., 
21 . 5S5 (1929). 

* and Friedman, J. Am. Chcm. Sac., 61, 6S4 (1939). 

4 v. Braun and Entfebertz. Ber ., 56, 1573 (1923). 
l2fi 5 Rogers and Dougherty, J. .-Ui. Client. Soc„ 50, 1 19 (192S). 
m Gilman 1111,1 Wcbb - 62 - 087 (1940). 

tt „ 7 ^ S P°™ynski, Arch, ('hem. Farm., 3, 59 (1930) [C. A., 32, 8359 (1938)]; (5) Mochel, 

' Put. 2,229,005 [C. A., 35, 2905 (1941}]. 



860 


ORGANIC CHEMISTRY 


Whereas the sulfide link is quite stable in the simple sulfides, sul- 
fides with a labilizing group in the 0-position are readily cleaved in the 
presence of alkali. An example of this has been noted (p. 850 ) in the re- 
generation of benzalacetophenone from its addition product with thio- 
cresol ; other examples 128 are found in the cleavage of mcrcaptols derived 
from 0-keto esters. 

CH 3 0 (SC 2 H 6 ) 2 CH 2 C 00 C 2 H 6 

SC 2 H 6 

i 

CH 3 C=CHCOONa + CjIIjSXa + C s H 6 0 II 

The reactions of certain sulfides indicate that sulfur may expand its 
valence shell (p. 881 ) and in this way cause activation of the methylene 
group. 

Mustard Gas and Related Compounds 

0,0'-Dichloroethyl sulfide (“mustard gas J ') is a strong vesicant. 
Individuals differ considerably in sensitivity, but approximately 0.5 mg. 
of mustard gas per square centimeter of skin produces blisters. 129 Ani- 
mals are killed 129 after eight hours’ exposure to air containing less than 
0.01 mg. of mustard gas per liter, although death may be delayed for 
several days. “Sesqui-mustard” (CICH2CH2SCH2CH2SCH2CH2CI) is 
a stronger vesicant 130 than mustard gas. 0,0 -Dibromoethyl sulfide 131 
is similar in action but has a lower vapor pressure than mustard gas and 
is less dangerous to handle. Branching of the carbon chain 132 and in- 
creasing the molecular weight diminish the vesicant activity of 0-halo* 
sulfides; (CH 3 CHC 1 CH 2 ) 2 S is much less toxic than mustard gas, and 
(CH3CHCICH (CH;j) ) 2 S is practically inactive. 0-MonochIoroalkyl sul- 
fides 133 and cqa'-dichloroalkyl sulfides 134 are relatively weak vesicants. 
0,0 -Dichlorovinyl sulfide 133 (CICH=CH)28 has a nauseating odor hut 
is not a strong vesicant. The vesicant action of mustard gas and related 
compounds is destroyed 136 by oxidation or chlorination. 

l “ Posner, />r„ 32. 2-S02, 2K05 flKOOj ; Her., 34. 20411 

m Marshall and Lynch, J. Pharmacol., 12, 291 (191S; ; Marshall, J. Aw. M<d. 

73, OH 1 noun. 

lM Bennett and Whineop, ./. Ckem. Soc., 119, 1S00 (1921); Rosen ami Reid, J- - m ’ 
('hem. Soc., 44, 034 (1922). 

1,1 Steinkopf, Herald, and Stohr, Her., 53, 1007 (1920). 

132 I ’ope and Smith, ('hem. S»c., 119, 390 (1921). 

133 Deimith and Meyer, Ann., 240, 305 (1884). chcm< 

114 Marin and Pope, J. ('hem. Sat., 123, 1 172 ( 1923) ; Ruigh and Erickson, J. Am- 

Soc.. 61, 915 (1939). 

,3S M tiller and Metzger, J. j trait. Cherrt., [2] 114, 123 (1920). . Q alU 

13< Dcsgrez, Guilleuiard, and Rabat, ('hemic and Industrie, 6, 942 (1921), 1 U’ ’ 
chim. ital., 49, II, 299 (1919); H elf rich and Reid, J. Am. C hem. Soc., 42, 1208 
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The preparation of mustard gas by the reaction of ethylene with 
sulfur chloride has already been mentioned (p. 855). During the war of 
1914-1918 it was prepared in Germany 137 by passing hydrogen chloride 
into a solution of 0,/3'-dihydroxyethyl sulfide in hydrochloric acid. 

(HOCH 2 CH 2 ) 2 S + 2HC1 -> (C1CH 2 CH 2 ) 2 S + 211*0 


IV. DISULFIDES 


General Characteristics 


The disulfides have higher boiling points than the correspond- 
ing mercaptans, and their odors, though disagreeable, are not so ob- 
jectionable as those of the sulfhydryl compounds. Ally! propyl di- 
sulfide is present in onions 138 and occurs, along with diallyl disul- 
fide and allyl sulfide, in oil of garlic. 138 1-Propenyl scc.-butyl disulfide 
(CH 3 CH 2 CH— S— S— CH=CHCH 3 ) has been isolated from oil of 

I 

CH 3 

asafetida. 139 Disulfides may produce symptoms similar to those observed 
in ivy poisoning; the response of individuals varies greatly, but this effect 
is usually noted after the skin has been repeatedly in direct contact with 
disulfides. 

Preparation 

Oxidation of Mercaptans and Thiophenols. The ease of oxidation of 
sulfhydryl compounds has been discussed elsewhere (p. 851). For the 
preparation of disulfides it is necessary to select an oxidizing agent w ic 
will not oxidize disulfides. Convenient laboratory methods arc tie re 
action of a sulfhydryl compound in aqueous alkali with iodine and 
reaction of a lead mcrcaptide with iodine. 168 


2RSXa -f I 2 RSSR + 2NaI 
(RS) 2 Pb + la -> USSR + pbI 2 

Ferric chloride , 141 lead peroxide , 142 hydrogen peroxide, 14 ’ and copper sul- 
fate 144 also appear to be well suited for use in preparative wor \ 


137 Carr, J. Soc . Chem. hid., 38R, 46S (1919). 

133 Semmler, Arch. Pharm., 230, 434 (1S92). 

139 Mannich and Fresenius, ibid., 274, 461 (1936). 

110 Smythe, J, Chem. Soc., 95, 349 (1909). 

141 Zinckc and Frohncberg, Ber., 43, S40 (1910). A9 ,, 79l nn09) 

141 Pnm merer, Ber., 43, 1401 (1910) ; Zinckc and Frohncberg, Ber., 42, 2.-1 (1909). 

143 Ritter and Sharpe, J. Am. Chem. Soc., 59, 2351 (1937). 

144 Klason, Ber., 20, 3407 (1887) ; Loven, J . Chcm ■’ U 29, 3 ( 
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Reaction of Alkylating Agents with Sodium Thiosulfate. Sodium 
alkyl thiosulfates, obtained by the reaction of alkyl halides with sodium 
thiosulfate, are converted to disulfides by heating. 145 

2RX + 2Xa 2 S 2 0 3 2RSS0 3 Xa RSSR + S0 2 + Na 2 S0 4 

Reaction of Alkylating Agents with Sodium Disulfide. Disulfide* 
are obtained by the reaction 116 of alkyl halides or sodium alkyl sulfates 
with a solution of sodium sulfide in which an equivalent amount of free 
sulfur has been dissolved. When this reagent is treated with acyl 
chlorides, acyl disulfides 147 arc formed. 

2RX + Xa 2 S 2 RSSR + 2XaX 

0 0 

ii ii 

2RCOC1 + Na»S» -> liC— S— S— CU + 2XaCl 

Sodium disulfide solution appears to bo an equilibrium mixture contain- 
ing, in addition to disulfide, sodium sulfide and sodium polysulfidcs. As 
a consequence, alkyl sulfides and poly sulfidcs are by-products from the 
preparation of alkyl disulfides by this method. 

Other Methods. The action of ammonium hydrosulfide on ketones 
(p. 926) has been reported 148 to reduce the carbonyl group with forma- 
tion of the corresponding disulfide; the reaction has not berm extensively 
studied. 

C 6 H 5 C0C1I 3 ----> CJIaCTI— S-3-CIIC fills 

i 

CII 3 Oil® 

As mentioned elsewhere, thermal decomposition of mercuric moreap- 
t ides (p. 817), the action of sodium sulfide on diazonium salts ([>.&>(>)> 
and some reactions of sulfenyl (pp. 921 \)2'A) and sulfonyl (p> 907) 
chlorides result in the formation of disulfides. 

Reactions 

With Halogens. Diaryl disulfides are converted to sulfenyl Iialhkb 
by the action of chlorine 149 or bromine 150 in anhydrous media. 

ArSSAr + Cl 2 -> 2ArSCl 

115 Otto and Ihr., 26, 000 f 1H03>; Prire and Twiss, J. Chcm. Sue., 95. l4S " 

(1900 j\ Slut/, and Shrinr-r, ./, Am. ('hum. Sor., 55, 1242 (1944). 

w Zfci.-L-, /Inn., 11, 1 (1844; ; Hlanksrna, lire. trav. chim ., 20, 121 (1001). 

,4; Ilinz and Marx, Her., 40, 4855 (1007 ) ; Herrmann, Her., 53, 070 (10-0). 

144 liaumann anrl Fromm, Her., 28, 070 (ISOS). 

141 Warren and Smiles, ./. Chcm. Sue., 1040 (10,42). 

IM UhuinlKildt and Nntzkus, Her., 72, 057 (1040). 
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Aliphatic sulfenyl halides have not been obtained by this method (p. 
020), apparently because halogenalion of the aliphatic groups occurs 
more readily than cleavage of the disulfide link. In the presence of 
water both aryl and alkyl disulfides are oxidized by chlorine and bro- 
mine to sulfonyl halides (p. 889). Some disulfides form telrahalides 
which may be hydrolyzed (p. 907) to thiosulfonic esters. 

With Strong Alkali. While disulfides are stable toward dilute alkali, 
they may be split by strong potassium hydroxide. The initial products 1M 
are probably mercaptides and sulfenic acids, but the products isolated 152 
arc mercaptides and sulfinates {cf. p. 921). 

2RSSR + 2KOH -► 2RSK + 2RSOH RSK + RS0 2 K + 2H 2 0 

Other Reactions. The reductive cleavage of disulfides, which has 
been discussed (p. 843), is one of their most important reactions. Disul- 
fides may be used for the dehydrogenation of tetralin and other hydro- 
aromatic compounds. 143 

C] oil 12 + 2RSSR — > CioH 8 + 4RSII 

70 % 73 % 


Oxidation (p. 907), reaction with sulfur (p. 865), and formation of sulfo- 
niiim salts with alkyl halides (p. 867) are other reactions which arc dis- 
cussed elsewhere. Drastic pyrolysis 153 of diphenyl disulfide causes dis- 
proportionalion. 

2C(HsSSC(IIi CenjSC.Hs + C 6 H 6 -S-S-S-C 6 II 6 


The ease of reduction of disulfides and the ease of their formation 
from sulfhydryl compounds find an important example in nature in t e 
reversible oxidation-reduction system (like quinone-hydroquinone) cys 
tine-cysteine (p. 1131). 


151 Schoberl c, at., Ann.. 507, 111 (1933); *r, 67, 1545 (1931); .Valonr Unn^haften. 

1M SchUkrand Otto, Bcr.. 9, 1037 (18761 ; Pauly and Otto ,Bcr., U. 2070, 2073 (1878) ; 
Otto and Kftfwmg, Ber.. 20. 189 (1887) ; Price and Twisa, /. Chem. hoc., , ( , 

Fromm and Forster, Ann., 394, 388 (1912) ; Toennies and Lavine, . to . 

583 (1930). 

153 Hinsberg, JSer., 43, 1874 (1910). 
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V. POLYSULFIDES 
General Characteristics 

The trisulfidcs (RS 3 R), tctrasulfides (RS 4 R), and pentasulfides 
(RS 5 R) have no analogs anaong oxygen compounds.* Their reactions 
can be explained by assuming that they are not individual compounds 
but equilibrium mixtures of disulfides and polysulfides, an assumption 
which may seem justified by their ease of interconversion. However 
paraehor 1M and viscosity measurements indicate that trisulfides, 
tctrasulfides, and pentasulfides are definite compounds and that their 
structures all contain three sulfur atoms in a linear arrangement. 

S 

T 

R— S- S- S- -R R-S— S-S— K 

Triflulfides | 

s 

or 

S R— 8 — S — S — R 

t /\ 

R— S— S— S— R S S 

Tctrasulfides Pentasulfides 

The polysulfidcs have not been so completely studied as (he other 
types of sulfur compounds previously discussed. Dimethyl tetr&sul- 
fide 156 is said to have a highly repulsive odor. 

Preparation 

From Sulfhydryl Compounds. The reaction of sulfur chloride (SXb) 
with m or cap tans or thiophenols is generally used for the preparation of 
tctrasulfides 15 157 If the reaction is carried out in the presence of free 
sulfur 158 in carbon disulfide solution a pentasulfide is obtained. 

, > RS 4 R 

2RSH + S 2 C1 2 1 s 

I J.. — > RS 6 R 

in CSj 

* The fact that sulfur has a greater tendency to combine with itself than does oxy„ e , 
is shown by a comparison of the free elements. Whereas oxygen exists as Os, or 111 
metastable form as 0*. sulfur in solution or in the vapor state is S*. 

1M Ilaroni. AM oread. Lined, 14, 28 (1931) \(\ A., 26, 1896 (1932)]. 

1M liezzi, (iazi. chim. ital., 65, 093 (1935) ; ihid., 65, 704 (1035). 

154 Claesson, J. pmkt. Chern [2] 15. 214 (1877) ; Her, 20, 3413 (18S7). 

157 (a> Smythe and Forster, ('hem. Soc., 97, 1195 (1910); (ft) Troger and ° r ^ 
./. jrrnkt . Chern., [2] 60, 113 (1899); (c) Chukravurti, ./. Chcm. Hoc., 123, 904 ( 

Twiss, J. Am. (’hem. Hoc., 49, 491 (1927). ^1 

I .evi and Baroni, Atli accad. Lined, [0] 9, 772 (1929) [C. A., 23, 4927 
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Thionyl chloride 159 and sulfuryl chloride 159 ■ 160 give several products, 
including disulfides and trLsulfides, when they arc allowed to react with 
sulfhydryl compounds. Tetrasulfides are also produced in reactions in 
which sulfuryl chloride is used. The reaction 161 of thionyl aniline with 
p-thiocrcsol gives p-tolyl trisulfide and aniline. 

From Organic Sulfides, Disulfides, and Polysulfides. Organic sul- 
fides do not react readily with elementary sulfur. For example, ethyl 
Hulfide is unchanged 162 after heating with sulfur for four days at 150°. 
Under more drastic conditions the disulfide and polysulfides are formed. 

(C-HfcLS + S C^HoSSC-iH* + C 2 H 6 SiC 2 H 6 + CbH&CjHs + CsH&CtH. 

v 24 hrs. 

The disulfides, 163 in contrast to the sulfides, react readily with sulfur or 
metal polysulfidcs and may be converted to trisulfides, 164 tetrasulfides, 165 
or pentasulfides. 166 Under similar conditions 166 trisulfides and tetra- 
sulfides may be converted to pentasulfides. The reaction appears to be 
catalyzed by ammonia. 159 

RS 2 R + S — > RS 3 R -> RS 4 R rs*r 

Nils 

Trisulfides may be obtained from tetrasulfides 156 and pentasulfides 167 
by reversing the above reaction by distillation. 

CH3S4CH3 S + CH3S3CH3 

CH3S5CH3 2S + CH3&CH1 


From Sodium Polysulfides. Alkyl sulfates 167 or alkyl halides 168 give 
alkyl polysulfides when allowed to react with sodium or potassium poly- 
sulfides. Since the latter are mixtures, the organic products derived 
from them are also mixtures, but it has been reported that pentasulfides 
may be obtained by this method. 16 ' ’ 168 


2RX + NajS 5 -» 2NaX + RS b R 


169 

ISO 

161 

16! 

163 

164 

166 

166 

167 

168 


Holmbcrg, Ann., 359, SI (19US). 

Tasker and Jones, J. Chcni. Soc., 95, 1910 (1909). 

Holmbcrg, Ber 43, 226 (1910). 

Bottger, Am,., 223, 348 (1884). , 

Claesson, J. prakl. Churn., [21 15, 193 (1S77) ; Bull. soc. dim., [-] 25, 8b (1876). 
Muller, J. prakt . Chevi., [2] 4, 39 (1871). 

Holmberg, Bcr., 43, 220 (1910). n«* nnwil 

Levi and Baroni, Alii accad. Lined , 9, 903 (1929) [C. A., > ° 

Stacker, Bcr., 41, 1105 (1908). M1 . 

Riding and Thomas, J. Chem. Soc.. 123. 3271 (1923); W, 125, 2214, 2460 (1924). 
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“Thiokols” are polymeric linear polysulfides prepared by the reaction 
of dihalidcs with sodium tetrasulfide. “Thiokol A,” for example i s 
polyethylene tetrasulfide obtained from ethylene chloride and sodiu m 
tetrasulfide in the presence of magnesium hydroxide. 

ClCHjCHsCl + XaA — CHjCH 2 S,(CIIsCH 2 S 4 )„CH 2 CII ii S ) _ 

“Thiokol A” 

The product is obtained in the form of microscopic spherical particles 
which can be washed by decantation and which will remain for some 
time as a suspension similar to latex. Coalescence, brought about bv 
acidification, gives a rubbery mass which can be milled, compounded 
vulcanized using an accelerator, and in general treated like rubber. 
The properties of the product may be varied by replacing all or part of 
the ethylene chloride bj’ /3,/d'-dichlorodiethyl ether and by decreasing the 
sulfur content by treating the polymer with sodium sulfide. Though 
the thiokols resemble natural rubber in appearance and behavior, they 
do not swell or soften in the presence of hydrocarbon solvents 169 and 
therefore are used in place of natural rubber when resistance to gasoline 
or other organic compounds is important. 

Other Methods. The reaction 17,J of sulfur chloride (SoCl?) with 
phenylmagnesium bromide gives phenyl sulfide, phenyl disulfide, phenyl 
trisulfide, phenyl tetrasulfide, chlorobenzene, and diphenyl. Sulfur 
dioxide and hydrogen chloride produce l57tt benzyl disulfide and benzyl 
trisulfide from benzyl mercaptan. Pyrolysis of a disulfide (p. 863) gives 
a sulfide and a trisulfide. 

Reactions 

The addition and loss of sulfur, described above, are the most char- 
acteristic reactions of polysulfides. Oxidizing agenls ,M * 171 produce 
sulfonic and sulfuric acids from polysulfides. The action of mercury on 
a trlsulfidc removes one of the sulfur atoms, producing a disulfide. 164 

Patrick, T runs. Faraday Sac., 32, 347 (1930i. 

1,0 Terra rio ami Vitiay, Hull, jfttc. chirn., 7, MS (1910,1. 

171 Srnythe, J. Ch cm. Hoc., 105, 540 (1914>. 
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VI, SULFOMUM COMPOUNDS 
General Characteristics 

The sulfonium compounds * resemble quaternary ammonium coni’ 
pounds in many respects. The tetrahedral configuration of the sulfur 
atom, with an unshared electron pair at one point of the tetrahedron, is 
show n by the resolution of unsymmctrical sulfonium salts (p. 419). The 
salts are crystalline solids which dissolve in water giving neutral solu- 
tions. The sulfonium hydroxides are strong bases. 


Preparation 


From Sulfides. The reaction of alkyl sulfides with alkyl halides 
occurs slowly at room temperature but more readily upon heating. 172 
The reaction is of the second order. 173 Treatment of the trialkylsulfo- 
nium halide with moist silver oxide or with silver nitrate produces the 
sulfonium hydroxide or nitrate. 


R— S — It + RX 


R 1 

+ 

y- 

R-S— RJ 



Moiet 

> 

Ag-0 

AgNOj 
> 


R 3 S+OH- + AgX 


RjS+NOs" + AgX 


Alkyl sulfates, but not alkyl halides, 174 react with alkyl aryl sulfides or 
with diaryl sulfides to give sulfonium salts. 

From Disulfides. The reaction of alkyl halides with disulfides is 
extremely slow without a catalyst 1,5 but occurs readily 1,a ’ 1,6 and gives 
good yields of sulfonium salts in the presence of such catalysts as mer- 
curic iodide or ferric chloride. 

RSSR + 4RI > 2R3S + I- HgI 2 + h 


It has been postulated 176 that the initial reaction is the addition of alkyl 
halide to the disulfide and that the final product is the result of a seiies 
of reactions shown below. 


* These are known as "sulfinra” (^ulfinverbimlimgen*’) in the older literature, but 
this name is misleading since it suggests a resemblance to amines rather than to ammonium 

compounds. 

172 v, Oefele, Ann., 132, 82 (1804); Cahours, Ann., 135, 355 (1S05). 

173 Garrara, Gazz. chim. ital, 24, i, 170 (1894). nunrv 

^ 174 (a) Kchrmann and Duttenhofer, iter., 38,4197 (1905) ; Bcr., 39, 3559 (1906), (6) 
Kehrmann and Sava, Bcr 45, 2895 (1912). 

175 Davies, Her., 24, 2548b (1S91) ; Ililditch and Smiles, J. ( hem. &>c., 91, 139 ( • )■ 

176 (a) Steinkopf and Muller, Bcr., 56, 1926 (1923) ; W Haas and Dougherty, J. Am. 
Ch(im ' Soc., 62, 1004 (1940). 
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R— S— S— R 4 in 4 Ilgl 2 
r R— S — S — R 
R 


’ll— S— SR' 

I 

R' 


I-Hgl 2 


U' 


I- -*HgI s -> RSI 4 Ns- >H K I 2 
R / 


RSI 4 RT -► RSR' + I* 


R'\ 

RSR' 4 Ilgl* -* >S->IIgI 2 
R / 


ir 


S->HgI, 4 R'l 


/ 

R' 
II- S 

i 

\v 


I-'IIgls 


Other Methods. Trialkylsulfonium salts have been prepared by the 
reaction of an excess of alkyl halide* with sulfur 177 or metallic sul- 
fides 173 ’ 179 such as sodium sulfide, cadmium sulfide, or arsenic trisulfide. 
Aryldialkylsulfonium salts are formed 174 from the reaction of lead mer- 
eaptides of thiophonols with alkyl sulfates. TriaryLsulfonium salts may 
be obtained 130 from phenols or their ethers by the action of (1) thionyl 
chloride in the presence of aluminum chloride, (2) an aromatic sulf- 
oxide, or (3) a sulfinic acid in the presence of concentrated sulfuric acid. 
Trimethvlsulfonium iodide is formed from the reaction of trithioformal- 
dehyde with methyl iodide in a sealed tube (p. 928). 


Reactions of Sulfonium Salts 

Pyrolysis. Since the reaction of an alkyl halide with an alkyl sulfide 
is reversible, 131 distillation 179 of a sulfonium salt gives the halide and 
sulfide. 

Pistil 

R 3 S"I- > RSR 4 RI 

The reaction occurs readily; this may account, for the ease of conversion 
of unsymmetrical sulfonium salts to mixtures containing the symmetrical 
salts. 132 For example, trimethylsulfonium iodide and trio thy lsulfonta 
iodide are among the products formed by heating 179 methyldielhjl&u 

177 Klinger, Bet., 10, 1880 (1887; ; Mawson and Kirkland, J. V hem . Sue., 55, 135 ( lSS9) * 

178 Klinger, Her., 15 , 881 (1882;. 

,7i Klinger and Maansen, Ann., 252 , 250 (1880;. ^ 

110 Smiles and Jxdto.sMignol, l* roc. Chetn. Sue., 24, 158 (100G) ; J . Cham. Soc., 

(1900;. 

1,1 Ray and Irvine, Org. Cbm., 2, 207 (1937;. 

187 Meadow and Reid, J. Am. Cbm. Soc., 56, 2177 (1934). 
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fonium iodide in aqueous solution. Alky] interchange has also been 
brought about 179 by heating a sulfonium salt with alcohol; at 130° 
tricthylsulfonium iodide in methanol gives trime thy Isul fonium iodide. 
Heating sulfonium salts with an excess of sodium sulfide produces dial- 
kyl sulfides; 183 this may be due to the disproportionation of the sulfo- 
nium sulfides. 

2(CH 3 ) 3 Sn- ((CH 3 ),S+),S- -> 3(CHj)jS 

Formation of Addition Compounds. Sulfonium halides form addi- 
tion products 184 with salts of the heavy metals such as the halides of 
copper, mercury, zinc, cadmium, manganese, iron, tin, and platinum. 
These same products are obtained by the reaction of an alkyl halide with 
salts formed from sulfides. 1766, 185 

Hen RI 

R 3 S + I- — RaS’HgLr < R 2 S->HgT 2 

Sulfonium compounds arc often isolated from reaction mixtures as 
their addition products with heavy metal salts. Sulfonium salts give 
crystalline addition products with iodoform. 186 


Reactions of Sulfonium Hydroxides 

Pyrolysis. The sulfonium hydroxides 187t 188 may be isolated from 
aqueous solutions by evaporation under reduced pressure; they readily 
decompose, forming an olefin and a sulfide. 


C 2 H 5 1 

I 

LC2H5— S— C2IT5 

This reaction is similar to that obtained by decomposition of quaternary 
ammonium bases. 

Basic Reactions. The sulfonium hydroxides dissolve in water to give 
solutions which arc as basic ,3; as aqueous sodium or potassium hydrox- 
ide. Salts are formed by reaction with acids; hydrogen sulfide, for ex- 
ample, produces 172 • 189 sulfonium sulfides. 

2R 3 S+OH- 4- H 2 S -* (R*S + )sS“ + 2HsO 


OR- C2II5SC2HS + CH.=CH 2 + H 2 0 


183 Patein, Bull. soc.. chim., 13)2, 150 (1889). r na no> . o tr hm 

“‘Hoffman and Rabc, Z. angeu, Chen,.. 14. 205 (1887); M. «. f 0*98) Strom 
holm, Bcr., 31, 2283, 3285 (1S9S) ; R er -> 33 - **- 3 (1900) ; pralt. them., l-l < ’ 

Renshaw and Searle, J. Am. Chem . Soc., 55, 4951 (1933). 
l8S Smiles, J. Chcm. Soc., 77, 160 (1900). 

Bayer and Co., Ger. pat. 97,207 [Chem. Zentr., II, 5-4 (1S98)J. 

87 Ostwald, ./. prakt. Chcm., [21 33, 306 (188G). , . , , f rh 

» Alvisi, Z. anorg. CW, 14, 302, 308 (1897); Glcavc, Hughes, and Ingold, J. Chem. 

Soc.. 236 ( 1935 ). 

1 Cahoura, Ann., 136, 151 (1805). 
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Sulfonium hydroxides 188 liberate ammonia from ammonium salts, form 
carbonates by reaction with carbon dioxide of the air, and react with 
metallic aluminum with the liberation of hydrogen. 


VII. SULFOXIDES 
General Characteristics 

The sulfoxides * are odorless, relatively unstable compounds which 
decompose upon distillation at atmospheric pressure. Diaryl sulfoxides 
and dialkvl sulfoxides of fairly high molecular weight are solids. The 
dialkyl sulfoxides of low molecular weight are low-melting solids (e.g., 
0 
• T 

C 2 H 5 SC 2 H 5 , m.p. 4-6°); they are soluble in water, alcohol, and ether. 

The resolution of unsymmetrical sulfoxides (p. -121) shows the tetra- 
hedral structure of the sulfur atom in these compounds. 

The following discussion will be limited to those compounds in which 
0 
T 

the — S — group is attached to two carbons. The so-called disu If oxides 

0 0 0 

T I T 

(R — S — S — R or R — S -S — R) w ill be considered later. 

i 

0 


Preparation 

By the Oxidation of Sulfides. The oldest and most common method 
for the preparation of sulfoxides is the oxidation of sulfides. 190 

0 

t 

R— S— R + 0 — ► R— S— R 

Probably the best general procedure 191 is the addition of the theoretical 
amount of 30 per cent hydrogen peroxide to a solution of the sulfide m 
O 

* It should bo noted that the R — S — group is known as a sulfinyl group. I' or 1 
pit*, ethyl sulfoxide may be failed ethylsulfinylethane [Patterson, ./. Am. ( hem- > ’ 

39 05 ( 1933)]. This should not 1>© confused with the convention in the older literature 
which the sulfonium compounds arc known as siilfines (Kulfinverbiiulungenj (p- 

li0 SaytzefT, Ann., 139, 354 (1*60; J Ann., 144, 148 (1807). 289 

151 (ctj Gazdar and Smiles, J. Chcm, 93, 1834 (19118); (b) Ilinsberg, Her., 

(1910). 
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glacial acetic acid or acetone; the reaction mixture is then allowed to 
stand at room temperature for one to six days. Other oxidizing agents, 
such as nitric acid, 192 chromic acid, 193 hot aqueous potassium permanga- 
nate with acetic acid as a solvent for the sulfide, 192, 194 and perbenzoic 
acid, 195 may be used. 

By Hydrolysis of Dihalides of Sulfides. Many dichlorides and di- 
bromides of sulfides (p. 858) react with water 113, 196 to give sulfoxides. 
The hydrolysis may be carried out more readily with dilute alkali or, in 
the case of sulfide diiodides, with silver acetate. 

Rv HOH Rn. 

/S • Br 2 > yS — > 0 + 2HBr 

W R 7 

By the Friedel-Crafts Reaction. Diaryl sulfoxides may be ob- 
tained 197 by the reaction of aromatic hydrocarbons with thionyl chloride 
in the presence of aluminum chloride. 


0 0 

T . t 

2ArH + Cl— S— Cl —4 ArSAr + 2HC1 

It is reported 19, ‘* that sulfur dioxide may be used in place of thionyl 
chloride. 

From the Grignard Reagent. Sulfoxides are among the products 
obtained by the reaction of the Grignard reagent with thionyl chlo- 
ride, 138, 199 alkyl sulfites, 199 or sulfonyl chlorides. 200 


21lMgX + Cl— S — Cl • 
0 


-R + MgX 2 + MgCIs 


193 Beckmann, J. prakt. Chem., [2] 17, 441 (1S78); Grabowsky, Ann* 175, 348 (1875). 
193 Knoll, J. prakt. Chem 113, 40 (1920). 

191 Otto, Ber., 13, 1272 (1880). 

195 Lewin, J. prakt , Chem.., 119, 211 (1928). 

m Fromm, Z. angew. Chem., 24, 1125 (1911). MCQ m. 

l " (a) Colby and McLoughlin, Be,. 20, 195 (1887); ft) Parker Ber* f^44 ( 1890) , 
(c) Smiles and Hilditch, Pro, Chem. Soc* 23, 161 (1907) ; (d) Smiles and Bam, /. them. 
Soc., 91, 1118 (1907); («) Schonberg, Ber., 56, 2275 G923). 

198 Grignard and Zorn, CompU rend., 150, 1177 (1910); Bert, M* 178, 1826 (1924). 


199 Strecker, Ber., 43, 1131 (1910). 

209 Hepworth and Claphajn, J. Chem. Soc., 119, 1188 (1 - )• 
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Reactions 

With Acids. The sulfoxides are slightly basic. 201 They are more 
soluble in aqueous acid than in water, and treatment with hydrochloric 
or nitric acids may give isolable salts. For example, when nitric acid 
is used for the oxidation of a sulfide to a sulfoxide, the product is the 
nitrate of the sulfoxide. Treatment of these salts with alkali, or in some 
cases with water, produces the sulfoxides. 

R\ Rv 

>0 + HN0r-> )>S->0-HN0 3 
W W 


The structure of these salts is not definitely established. The proton 
from the acid might become attached to the unshared pair of the sulfur 
or of the oxygen; the products could therefore have either structure A 
or B or could be a mixture of these two tautomers. 


- R 

+ 

' R 

H:S:0: 

xo 3 - 

:8:0:II 

. R , 


. ii " . 


a b 


With hydrogen bromide or hydrogen iodide the sulfoxides give 
products Ilfi ’ 196 • ,J0 - identical with those obtained by the addition of 
halogens to alkyl sulfides (p. 808). 


R 2 S-O + 2HBr -> RsS-Brz + II 2 0 

With alcoholic hydrogen chloride 203 at 100° in a sealed tube, sulf- 
oxides may be reduced to the sulfide or may undergo fission. 


0 

T Alcoholic IK.'! 

RSIt - > RSR 

1UO 

0 0 
CsnJcsiiu •■■■-■> cyinSii + Ciiijiii 


With Reducing Agents. Sulfoxides are readily converted to sulfides 
by reduction. Zinc and acetic acid 190 * 192 * 2036 are probably the nio4 
satisfactory reagents for this reaction, but hydriodic acid, 192 phosphorus 


101 Finzi, Gazz. ckim . iUd., 46, II, 180 (1910). Qfn 

501 (a) Fromm et al., Ann., 396, 75 (1918) ; (M Hofmann anti Ott, B>r , 40, 4930 ( ^ 
703 (a) Kmythe, J. Ck cm. Sac.., 95, 349 (1909); (h) Gaxilnr ami Smiles, ibid., 91, — 
(1910) ; (c) llijfJitch, Bvr ., 44, 8583 (1911). 
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pentachloride,'* and hydrogen chloride ’«* (see preceding paragraph) 
may also produce sulfides. 


r/ 


S ->0 


RSR + H 2 0 


With Aqueous Chlorine. Chlorination of sulfoxides in the presence 
of water causes cleavage 119 of the sulfur-carbon link, giving sulfonyl 
chlorides and alkyl chlorides. 

0 

r 

C4H9-S-C4H9 + 2 C 1 2 + H 2 0 -> G4H9SO2CI + C4H9CI + 2HC1 

Other Reactions. Oxidation of sulfoxides occurs readily, giving sul- 
fones (p. 874) . Sulfoxides form addition products with ferric chloride. 1 ^ 
Diphenyl sulfoxide is dehydrated by sodamide, giving dibenzothio- 
phene. 197 ® 



It is of much theoretical interest to know whether the sulfoxide 

(?) 

structure \ — S — / may influence the reactivity of adjacent substituents 
in the same way as common unsaturated groups influence the reactivity. 
The full explanation of this question will be given in the discussion of 
su If ones and the results of the study of sulfoxides will be summarized 
at that point. 


VUI. SULFONES 
General Characteristics 

Monosulfones which contain no other functional group are colorless, 
odorless, neutral compounds and are usually solids at room temperature 
dimethyl sulfone, m.p. 109°). They are extremely stable both 
toward chemical reagents and toward pyrolysis; for example, di-p-tolyl 
sulfone (m.p. 158°) boils at 405° without decomposition. The sulfones 
°f low molecular weight are quite soluble in water. 
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Preparation 

By Oxidation of Sulfides and Sulfoxides. Since the sulfides are 
readily available and the methods for their oxidation are excellent, they 
arc probably the most general source of sulfoncs. 504 Sulfoxides are also 
readily oxidized but., since they are also made from sulfides, are seldom 
used as starting materials in sulfonc syntheses. 

Hydrogen peroxide 1916 • 205 (30 per cent aqueous solution) is a very 
satisfactory reagent for the oxidation of sulfides and sulfoxides to sulf- 
ones. Acetone or acetic acid are usually employed as solvents, and in 
some cases 2066 better yields have been obtained by using a solvent mix- 
ture of acetic acid and acetic anhydride. Oxidation is often exothermic 
and the reaction mixture may require cooling at first; it may then be 
allowed to stand at room temperature until oxidation is complete. 

0 

o ! 

R— S— K -> R— S— R 

1 

0 

0 0 

1 o 1 

R— S— R -> R— S— It 

1 

0 


Potassium permanganate 51 ’ 206 and chromic acid 207 are also satisfactory 
reagents for the oxidation of sulfides to sulfoncs, and sonic oxidations 
have been carried out using perbcnzoic acid. 205 

By the Action of Alkylating Agents on Salts of Sulfimc Acids. The 
salts of both aliphatic and aromatic sulfmic acids react with alkylating 
agents to give sulfoncs. 209 

0 

r 

RSOiXa + RX -> R- S-R + NaX 

i 

0 

The reaction is limited to alkyl halides, sulfates, etc., and to act bat a 

104 v. Ocfeie, Ann., 132, 86 (1864;. SoC _, 

m (a) Pum merer, /Jtr, 43, 1407 (1910; ; {b) Pomeranta nnd Connor, J. Am. C * 

61, 3386 (1939;. 

204 Boat, Turner, and Norton, J . Am. ('hern. Sue., 64, 1980 (1932). 

M7 8hriner t Strunk, and Jon son, ibid., 62, 2000 (1930). 

Ix;win t J. j/rakt. ('hem., 118, 282 (1928). 

Otto, Her., 13, 1272 (1880). 
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aromatic halides, such as o- and p-nitrochlorobenzene. Though the re- 
action is usually satisfactory it should be pointed out that the sulfinates 
arc generally not so reactive in metathesis as arc the mercaptides; oc- 
casionally the sulfinates arc unreactive with halides which will react 
with mercaptides. Tertiary halides apparently 72 do not give sulfones 
by this method. 

Compounds such as ethyl a-chloroacetoacelatc, ethyl chloromalo- 
nate, diacetylchloromethanc, and dibromobarbituric acid which contain 
“positive” halogen cause oxidation 62 ’ 2,0 of sulfinates, as well as of mer- 
captides (p. 854). 

ONa 

I 

0=C— c- 

I II 

RS0 2 Na + XCH -> RS0 2 X + CH 

I I 

o=c- o=c- 


Compounds with two halogens on the same carbon atom do not give 
disulfones. 53, 211 Since the initial product of this reaction is an a-halo- 
sulfone, failure to obtain a disulfone Is in agreement with the known be- 
havior of a-bromosulfones (p. 882). 

By the Friedel-Crafts Reaction. Diaryl sulfones are obtained by 
the reaction of sulfonyl chlorides with aromatic compounds in the 
presence of aluminum chloride. 212 

0 

T 

RSOjCl + ArH -^4 R-S— Ar + IIC1 

l 

0 


By Reactions of Olefins with Sulfur Dioxide. The reaction of mono- 
olefins with sulfur dioxide gives linear polysulfones, which are described 
in detail elsewhere (p. 765). 



+ S0 2 


— C— C— S0 2 — (C— C— SO*)*— C— C— S0 2 - 


810 Otto and Rossing, liar., 23, 756 (1890) ; Kohler and MacDonald, Am. Chem . J., 22, 
227 (1899). 

2,1 Michael and Palmer, Am. Chem. J ., 6, 253 (1SS4) ; Otto and Engelhardt, Ber., 19, 
1835 (1880) ; Otto, Ber., 21, 65S (1886). . /lol 

sl2 Bcckurts and Otto, Ber., 11, 2066 (1878) ; Olivier, Re c. ton. chim., 33, 244 (1914), 
Chem. Wcekblml, 11, 372 (1914) [C. A., 10, 196 (1916)]; Kuczynski, Kuczynski, and 
Sucharda, Roczniki Chem., 18, 625 (1938) [C. A., 34, 3246 (1940)]. 
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With conjugated diolefins 213 1 ,4-addition occurs with the formation of 
cyclic monomeric sulfones. The addition product from isoprene gives 
an equilibrium mixture of unsaturated sulfones on treatment with 
alkali. 


CH S — C Cl I 

i! 

ch 2 ch 2 


4- so 2 -> 


ch 3 -c— 

I 

CII 2 


CII NaOII 

I <-:> 

cti 2 



01 ,- 0 — 


ch 2 


CII CH* 



0 0 


CHj-CII— CH 


1 

CH* CH 



0 0 


The monomeric sulfono from butadiene gives the diene upon luxating; 
this has been applied to the purification of butadiene. 214 

9 H - CII 

| i - - > S0 2 4- CH 2 =CH-CH=CH 2 
CH 2 C1I 2 


so 2 

Other Methods. The preparation of sulfones by addition of sulfinic 
acids to conjugated systems will be discussed later (p. 918). Diarvl 
sulfones have been obtained 214 by the action of phosphorus pentoxide on 
a mixture of sulfonic acid and aromatic hydrocarbon. 

0 

T 

ArSOall + Aril + P 2 0 5 -> 211 P0 3 + Ar— 8— Ar 

i 

0 

Sulfones are usually by-products of the sulfonation of aromatic hydro- 
carbons. They appear to \h: formed 216 by the action of S2O6 011 ^ 1C 
hydrocarbon and not, in this case, by condensation of the sulfonic acid 
with the hydrocarbon. Sulfones have also been obtained by the direct 

313 Barker and Strating, lire. trnv. chim., 53, 525 (1934); > hid., 54, 170, 018 

Bocsekcn and van Zuydewijn, Proc. Acad. Sri. [Amsterdam), 40, 23 (1937) h * * ’ 

4053 (1937jj; van Zuydewijn, lire. tmv. chim., 56. 1 047 (1037); Alder, Kickcrt, and 111 
inuth, Her. , 71 , 2451 (1938). 

314 Standi nger and Ritzcn thaler, Her., 68, 455 (1935) ; Johnson, Jobling, and o< 

J. Am. Chnm. Soc., 63, 133 (1941). 

2,4 Michael and Adair, Her., 10 , 583 (1877); 11 , 110 (1878). 

214 Michael and Werner, J. Am. ('hem. Site., 58 , 294 (193G). 
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action of sulfur trioxide 2,7 or chlorosulfonic acid 218 upon aromatic 
compounds. 

Reactions of Simple Sulfones 

This section will be limited to a consideration of the reactions of 
inonosulfones which contain no other functional group. The reactions 
of disulfones and of substituted sulfones may be considerably different 
from those of simple inonosulfones and will be discussed in another 
section. 

With Reducing Agents. In contrast to the sulfoxides, the sulfones 
are stable toward most reducing agents. Diphenyl sulfonc 219 is un- 
changed by treatment with phosphorus at 250° and can be distilled un- 
changed from zinc dust. Reaction of diphenyl sulfonc with sodium 219 
in hot xylene gives biphenyl and sodium benzenesulfinate. 

0 

T 

2C*H»— S~C 6 H 5 + 2K& -» 2C 6 H 5 S0 2 Xa + C«H,C|H» 

i 

0 

Some sulfones are reduced to sulfides by the action of sulfur, but the 
reaction is apparently not general. 219, 220 

0 

T 

Cells— S—CcHs + S C 6 H 5 -S-C 6 H 5 + S0 2 

I 

o 

With Alkali. The simple sulfones do not react with aqueous alkali 
under ordinary conditions but are cleaved 2-1 at high tempcratuies. 
Diaryl sulfones yield products different from those obtained from dial- 
kyl sulfones (p. 18119). The alkaline fusion of sulfones appears to be a 
complex reaction giving, in the case of diphenyl sulfonc, 222 biphenyl and 
phenol. 

0 

CeHs — S — Colls + KOH > Cells— CoH 6 + K 2 S0 3 + CsHsOH 

1 

0 

217 Zorn and Brunei, Compt. rend, 119, 1224 (1894). 

218 Ullmann and Korselt, lier., 40, 641 (1907). 

219 Krafft and Vorster, Her., 26 , 2813 (1893). 

220 Boeseken, Rec. trav. chim., 30, 137 (1911). 

221 Fenton and Ingold, ./. Chetn. Soc., 2338 (1929). 

222 Otto, Ber„ 19, 2425 (1886). 
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Smooth cleavages of aryl sulfones under mild conditions are accom- 
plished 223 by treatment with sodamide and piperidine. Dialkyl sulfones 
are unchanged under these conditions. Diaryl sulfones or alkyl aryl 
sulfones give N-arylpiperidine and the salt of a sulfinic acid. 


0 

C*H S — i-C«H s + NaNH* + HN(CH 2 ) fi 


0 

T 

C*Hj — S— CH 3 + NaNH 2 + HX(CH S ). 
i 
0 

0 

CeHiCH— S— CH = CJI, 

1 

6 


C.H,N(CH.) 6 -1- C«H # S0 2 Na + \h 3 


C 8 H s N(CH 2 ) 6 + CHjfiOjNa -1- NH S 


no reaction 


Other Reactions. Phosphorus pentnchloride usually does not react 
with sulfones, but dinuphthvl sulfone is converted 224 at high tempera- 
tures to the sulfonyl chloride and ehlorouaphthalene. 


CiJIt— 80 j-Ci-. 1 I: + PCI $ — C1DII7SO2CI + C10II7CI + PC 1 3 


Highly methylated diaryl sulfones arc* hydrolyzed 225 to hydrocarbons by 
the action of concentrated hydrochloric acid in a sealed tube. Hot con- 
centrated sulfuric acid may give tin* sulfonic acid. 

( '«iir. iin . . 

0 > 2ArII + II 2 SO 4 

| (Staled tube) 

Ar-S-Ar --I 

1 1 

0 • - > ArSOal I + Aril 

The reaction of sulfones with the (irignard reagent is discussed lat- 01 " 
fp. 881 j. 

Certain sulfones give novel rearrangement and sulfonyl intoi'chanS 0 
reactions which are illustrated below. More complete reviews 01 
subject may be found elsewhere . 226 Some of these reactions arc kut 
sible . 227 

2n Iiradley, J. ('hem. Soc., 458 (1938;. 

214 Clove, Hull. hoc. ehim., [21 25. 250 (1876). 

125 Jaoobsi-n, Her., 20, 900 (1SH7). 

™ Ann. Cbm. Soc. (Lotuton), 36, 197 (HMD). 

127 ( ont.i and Gihwm, ./. Chum. .S’w,, 442 (1940). 
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RS0 2 CH(SR)COCH 3 + R'S0 2 Na R'S0 2 CH(SR)C0CH 3 + US0 2 Xa 



Influence of a Sulfone Group upon Other Atoms and Groups 

In the preceding; section the reactions which were considered caused 
alteration of the sulfone function. The following discussion will be de- 
voted to those reactions of sulfones which are due to the influence of 
the sulfone group upon the rest of the molecule. The reactions of simple 
sulfones which may be attributed to activation of hydrogen by the sul- 
fone group will be included, but all other cases will involve substituted 
sulfones, including polysulfones. 

Influence upon Hydrogen. In considering the oxidation of a sulfide 
to a sulfoxide or a sulfone, it would seem that acquisition by a neutral 
oxygen atom of a share in two electrons from sulfur would result in 
a fractional negative charge on oxygen and a corresponding positive 
charge * on sulfur. That is, sulfur becomes the positive end of the dipole. 

Os- 0s + 

*• :0: Ts + :b: \ S * 

R — S — R — R— S—R — > R— S— R 

r 

05- 

As a result the sulfur should exert a considerable electron attraction 
and facilitate removal of a proton from an adjacent carbon. 

?.* L S 

R-S— C- 

i l+ I 

0 

As explained elsewhere (Chapter 25), an effective group for prototropic 

•The symbols 6 ~ and 5+ are used here, in conformity with Chapter 25, to distinguish 
fractional charges from integral (+ and — ) charges. 
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change not only must have a strong electron attraction hut also must 
provide a suitable seat for the charge on the anion. The enolization 
of a carbonyl compound is an example of prototropy in a system ful- 
filling both these requirements. 

H 


C:t 

i 

::0^ II + + 

— C:C::0 


— C::C:0: 

1 I .. 

1 1 


- i 1 


1 1 J 


a 4 y Mcsnmcric anions 


11 

— C::C:0:H 

i. I " 

Enol 

The corresponding 0 - and 7 -atoms in sulfones are connected by a single 
pair of electrons, and the anions are therefore different, from those pic- 
tured above. 


H | 

0 

.. j .. 


O 

f - 

— C:S:o: H f + 

C : S : 0 : 


- C: :S:0: 

1 1 

K 

1 1 

R 

i 

1 1 

R 


a * y If 

0 

f - 

— C::S:():H 

I I ** 

R 

One of the formulas of the anions has an unshared electron pair on car- 
bon, and the other requires t hat sulfur expand its valence shell to ten 
electrons.* It will be shown below that anions derived from the sulfones 
may be formed. These will be represented by noncommittal formulas 
since it appears that neither of the alternative electronic formulas is 
universally accepted. Regardless of the opinion concerning this struc- 
ture it must be conceded that the sulfonc group is an electron-attracting 
(+ 1 ) group f with less tendency than other such labilizing groups 
( /:=(), — C=x, — X 0 2) etc.) to undergo polarization t (# effect, 
p. 1847). 

* For a more detailed discussion see Shriner, tttrwk, and Jorison, */. A rn. 

62, 2im (1930;; Gihson, Chan. Iirr. t 14, 431 (1934; ; Arndt and Martins An«-. 4 ’ 

( 1032.1. .. s t jj 8 

t In otlier word a the sulfone «ronp increases the aridity txxause it ^ a( 
removal of a proton hut it has no great tendency to participate in enolization. glimnia iy 
cation of this viewpoint is discussed tty Arndt and Martins (/'*•'• ctt.). A concise • ^j e( ^ s 
is itiven in Ann. Kept*. Chan. ,Soc. (Lonthn), 31, 193 (1934). The terms I an 
are used in the same sense as in Chapter 25. 



ORGANIC SULFUR COMPOUNDS 


881 


From the above consideration it may be said that differences between 
the sulfone group and the other labilizing groups in their activation of 
hydrogen in the a-position will be due to the following: (1) the high 
electron attraction of the sulfone group; (2) the failure of the sulfone 
group to provide a suitable seat for the charge on the anion ; (3) the ne- 
cessity in many cases for the sulfones to react by different reaction 
mechanisms. This third difference arises from the fact that the sulfone 
group does not contain a normal covalent double bond; therefore, re- 
actions involving preliminary addition to an unsaturated function would 
require, in this case, expansion of the valence shell of sulfur. Though 
this possibility cannot be rejected 228 the tendency for the sulfone to 
react in this way would at least he considerably different from the tend- 
ency of an unsaturated group (e.g., carbonyl) to undergo addition. 
Therefore, a comparison of the behavior of sulfones with that of com- 
pounds containing unsaturated labilizing groups should reveal the 
properties due to electron attraction with complicating factors (enoli- 
zation, addition, etc.) minimized. 

Activation of hydrogen in the ^-position by the sulfone group is 
shown by the reaction of sulfones with the Grignard reagent, 90, 
liberating a hydrocarbon and forming a halomagncsium derivative of a 
sulfone. 

P-CH 3 C 6 H 4 SO 2 CH 3 + RMgX — > RII + [p-CH 3 C 6 H 4 S0 2 CH 2 ]MgX 

The halomagncsium derivatives behave like enolat.es in their reactions; 
they may be acylated, alkylated, or halogenatcd and upon hydrolysis 
regenerate the sulfone. 

[RS0 2 CH 2 ]MgX RSO 2 CH 3 + MgXi 


In some cases sulfones do not react with the Grignard reagent at room 
temperature; temperatures of 75-80° will bring about reaction. When 
two sulfone groups are attached to the same carbon (methylene disul 
fones, RS0 2 CH 2 S0 2 R) the acidity of the hydrogen is more pronounced; 
these compounds react with the Grignard reagent at room temperature 
and at high temperatures react with two moles of the reagent. 

uar-Y R'MgX 

K.MgA r/OCn ) 

A 


(RS0 2 ) 2 CH 2 


-> [(RS0 2 ) 2 CII]MgX - 

+ 

R'H 


> [(RS0 2 )2C](MgX) 2 

4 

R'H 


118 Sidgwick, "The Electronic Theory of Valency," Oxlord Unlvc^y Prcaa ^ndon 

yS: »2,sv‘z:.‘n.. ~ — 

to., 57, 1316 (1935) ; (c) Kohler und Larson, ibid., 57, 1448 (1935). 
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The reaction of the Grignard reagent with sulfones is analogous to that 
with ketones in which steric hindrance prevents addition to the carbonyl 
group (p. 646). 

While in simple sulfones the hydrogen is not sufficiently activated 
to form sodium salts readily, methylene disulfones react with sodium 
ethoxide 207 and in some cases 25 with dilute aqueous alkali to form sodium 
derivatives. Trisulfonylmethanes, (RSC^^CH, are still more acidic. 280 
Methylene disulfones behave like enolizable compounds in the reaction 231 
with mercuric chloride-sodium ethoxide. 

A few cases are known in which sulfones undergo reactions that arc 
considered typical of compounds containing hydrogen activated by 
unsaturated groups (such as carbonyl). Methyl p-tolyl sulfone re- 
acts 2296 with benzaldehyde to give low yields of an unsaturated sulfone, 
a reaction analogous to the formation of bcnzalacctophcnone from aceto- 
phenone and benzaldehyde. Benzyl p-tolyl sulfone undergoes the 
Michael condensation, 231 and the reaction 232 of a disulfone with for- 
maldehyde in the presence of a secondary amine is analogous to the 
Knoevenagel reaction. 

CH 3 C 6 H 4 S0 2 CH 3 + CaHsCHO > CH 3 C6H 4 S0 2 CH=CHC fl H 6 

NaOC-TIa 

c 6 h 6 ch=chcoc 6 h 5 — c 6 h 5 chch 2 coc 6 h 6 

+ I 

C 6 H 5 CH 2 S0 2 C 7 H 7 c 8 h 6 chso 2 c 7 h 7 

Sec 

2(RS0 2 ) 2 CH 2 + CHjO — — — > (RS0 2 ) 2 CHCH 2 CH(S0 2 R) 2 + HjO 

amine 

These reactions and the alkylation 207 7 2291 233 of metallic derivatives of 
disulfones are indications that activation of hydrogen by the sulfone 
group is similar to that by the ketone and other unsaturated groups*. 
These results can be explained either by assuming that sulfur may ex- 
pand its valence shell or that enolization is unnecessary for these re- 
actions. The failure 23,7 234 of other active methylene reactions to occur 
with sulfones may be attributed to (1) the lesser activating power of the 
sulfone group, (2) the necessity of an enolic intermediate, or (3) a re- 
action mechanism requiring addition to an unsaturated group. 

Influence upon Halogen. The sulfone group causes a-halogen to be 
inactive as far as metathesis reactions are concerned, 931 ” m suggesting 

,30 Cowie and Gibson, J. C* hem. *Soc M 306 (1033) . 

131 Connor, Fleming, and Clayton, J. Am. Chem. Sue., 58, 1386 (1936). 

Kotz, Her., 33, 1123 (1900). 

553 Shriner and Greenlee, J. Or/?, ('hem., 4 , 242 (1939). 

134 Jiarnes, Kundinger, and McKlvain, J. Am. Chain. Soc., 62 , 1282 (1 
Michael and Palmer, Am. Chem. J., 6, 253 (1884). 
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that the increased reactivity usually associated with <*-halo esters, 
ketones, etc., is a result of a preliminary addition reaction. The sulfonc 
group activates a-halogen ***• 94 1 233 - 236 in respect to oxidation reac- 

tions (“positive” halogen). 

ES0 2 CH 2 Br + 2NaSR / + C 2 H 6 OH -+ RS0 2 CH 3 + R'SSR' + NaBr f CJhONu 

Influence upon Sulfone Groups. In general, the disulfones and poly- 
sulfones are less stable than the simple sulfoncs. Disulfonylmethancs * 
are not hydrolyzed by alkali, but trisulfonyimethanes 232 ’ 237 arc cleaved 
to disulfones and sulfonates. 


(RS0 2 ) 3 CH + NaOII (RS0 2 )2CII 2 + RS0 3 Na 


When sulfone groups are attached to adjacent carbon atoms, cleavage 
occurs more readily than when the groups are on the same atom (Staffer's 
rule 238 ). The cleavage reactions of ethylene disulfones produce sulfi- 


nates. 94, 237 * 239 


rso 2 ch 2 ch 2 so 2 r 


RS0 2 CH 2 CH 2 0H + RS0 2 Xa 
2RS0 2 K + CNCH 2 CH 2 CN 


The alkaline hydrolysis of ethylene disulfones has been applied in studies 
of the structures of the linear polysulfones from sulfur dioxide and 
olefins (p. 766). 

Trimethylene disulfones 240 are not hydrolyzed by alkali, but a 
tetrasulfonyl propane is reported 232 to give formaldehyde and the di- 
sulfone. 

(RS0 2 ) 2 CHCH 2 CH(S0 2 R) 2 -^4 CH 2 0 + 2(RS0 2 ) 2 CH 2 


a-Disulfones 241 may be prepared by oxidation of sulfinie acids, by re- 

236 Mellander, Arkiv Kami , Mineral. Gaol., 12A, No. 16, 32 (1937) [C. A., 31, 6763 
0937)]; Samen, Arkiv Kemi , Mineral Geol, 12B, No. 61 (1938) [C. A 32, 4520 (1938)]. 
*Sulf 0 nal (CH 3 )2C(S0 2 CiH 5 )2, trional C2lIiC(CH 3 )(S0 2 C 2 H i ) 2 , and tctronal 
dh) (S0 2 C 2 H 5 ) 2 are used as soporifics. They arc prepared by oxidation of the appro- 
priate mercaptols or by alkylation of a disulfone obtained from a mercaptal. (Baumann, 
Uer -< 19. 2808 (1888) ; Baumann and Kast, Z. physiol Chem,, 14, 52 (1889)]. 

537 Holmberg, Ber., 40, 1740 (.1907) ; Baumann and Walter, Ber., 25, 1124 (1803) •, 
Baumann, Bcr., 24, 2272 (m); Otto, Bor., 24, 1832 (1891). 

Ber., 23, 1408, 3220 (1890). 

132 Otto and Damkohlcr, J. prakt . Chem., 12] SO, 171 (1884) ; Otto, ibid.. 30, 361 (1884) 
240 Autenrieth and Wolff, Ber., 32, 1368 (1899). . 

SU Hilditch, J. Chem. Soc., 93, 1524 (1908) ; Hinsberg, Ber., 49, 2593 (1916) ; Kohler 
* nd MacDonald, Am. Chem . J., 22, 219 ( 1899 ) ; Pearl, Evans, and Dehn. J. Am. them. 
6oc -. 60, 2478 (1938). 
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action of a salt of a sulfinic acid with a sulfonyl chloride, or by treating 
a sulfonyl chloride with sodium or potassium. 


KS0 2 Na + RS0 2 C1 n 
2RS0 2 C1 + NV 

(or K) 


0 0 

T T 

R— S— S— R 

i i 
0 0 


KMnO* 

< 

CH3COOH 


2RS0 2 H 


a-Disulfones are easily split by alkaline hydrolysis. 


RS0 2 S0 2 R + 2NaOH -> RS0 2 Na + RS0 3 Na + H 2 0 


Unsaturated Sulfones. a,j3-Unsatu rated sulfoncs react like a,0-uii- 
saturated ketones with malonic ester, 229 sodium mercapt ides, 229 the Grig- 
nard reagent, 229 conjugated dienes, 242 and other reagents. 243 


C 6 H 6 CH==CHS0 2 C6H 4 CH3- 


CH a (COOCH,) 2 


+NaOCH, 

USNa 


RMgX 


C 6 H 5 CHCH 2 S02C 6 H 4 CH3 

I 

CII(COOCH 3 ) 2 

ceH#CHCHJSOic6H 4 CHa 

SR 


rC6H>CIICIIS0 2 C 6 H 4 CII 3 

I 

R 

I HOH 


MgX 


\/ 

c \ 


ch 2 — 

— CII 

c— 

1 

II + 

1 

ch 2 

CH 

c— 


ch 2 ch c 

\sOi // 


/\ 


CeHiCH— CII 2 S02C(|H4CH3 


R 



These reactions arc of considerable interest because the question ^ 
the ability of the sulfone group to function as a part of a conjugate 


242 Alder, Rickert, and Windemuth, Ber., 71, 2451 (1938). 4 

243 Alexander and McCombic, J. Ckem. Soe., 1913 (1931); Brit. pat. 450, 55J L ^ 
31, 114 (1937)1; Cer. pat. 635,298 [C. A., 31, 115 (1937)]; Ger. pat. 663,992 [C- <•> ^ 
174 (1939)1; U. S. pat. 2,140,608 [C. A., 33, 2535 (1939)]; U. S. pat. 2,140,609 Lb- - •• 
2541 (1939)]. 
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system has some bearing on the theoretical considerations (expansion of 
valence shell, etc.) already discussed. For example, the products ob- 
tained from the reactions of a, £-un, saturated sulfones with the Grignard 
reagent behave 229 like those obtained from the reaction of a,0-unsatu- 
rated ketones. This suggests 229 that the reactions of the sulfones, like 
those of the ketones, occur by 1,4-addition with expansion of the valence 
shell of sulfur. 

In unsaturated sulfones with a methylene group between the double 
bond and the sulfone group, tautomerism may occur 2,3 1 244 in the three- 
carbon system. 

NaOH 

C 6 H & CH 2 S0 2 CH=CIICH 2 S0 2 C 2 H 5 C6H a CH 2 S0 2 CTI 2 CH=CHS02C 2 II 6 

60% 40% 

a-Sulfonyl Ketones, Acids, etc. The a-sulfonyl acids may be iso- 
lated but are readily deearboxylated by heat. 245 The sulfonyl group is 
apparently effective 93 ’ 210, 246 in causing the hydrolysis or alcoholysis of 
koto and other groups. 

RSOsCiisCOOii — A — > RS 0 2 CH 3 + C0 2 

MaOC-lR 

C 6 H & S0 2 CHC00C 2 H 5 + C 2 H 5 OII — > 

j CJI 5 S 0 2 CII 2 C00C 2 H5 + CHaCOOOdls 

COCHj 

C 0 H 5 SO 2 CH 2 COCH 3 C 6 H s S0 2 CHj + CIIjCOOK 


Comparison of Activating Effects of Sulfone 
and Sulfoxide Groups 

The important difference 207 in the electronic structures of sulfones 
and sulfoxides is that the sulfoxides have only 011 c coordinate link and 
hence retain an unshared electron pair. The sulfoxide group, therefore, 
does not have a strong attraction for electrons 24 ‘ and does not activate 
hydrogen in the a-position. 207 

244 Rothstein, J. Chcm. Sue., 684 (1931) ; ibid,, 309 (1937). 

246 Otto, Bcr., 21, 89, 992 (1888). , . 

248 Otto and Otto, J. prakt. Chcm., [2] 36, 401 (1887); Otto and Rossing, Ber., 23, 
? 52 ( 1890 ). 

2l7 Hammick and Williams, J. Chcm. Sue., 211 (193S). 
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IX. SULFONIC ACIDS AND THEIR DERIVATIVES 


General Characteristics 


Many aliphatic sulfonic acids * arc highly hygroscopic. Those of 
low molecular weight are high-boiling liquids (e.g., CH3SO3H, b.p. 167° 
[10 mm.]), but the higher members of the series are crystalline solids. 
Since — SO3H is a polar, water-solubilizing group, the aliphatic sulfonic 
acids which contain a long hydrocarbon chain are detergents (“hydro- 
gen soaps’'). Their sodium salts t are excellent detergents and may be 
used in hard water since the calcium and magnesium salts are very 
soluble. 

The aromatic sulfonic acids are useful intermediates in synthesis 
because the — SO3H group is readily replaced by other substituents. 
Many dyes contain this group because of its water-solubilizing 
action. 

Some of the aliphatic sulfonamides of low molecular weight are 
hygroscopic, but generally sulfonamides are crystalline solids which are 
well suited as derivatives for the identification of sulfonic acids or of 
amines. Aliphatic sulfonyl chlorides are lachrymatory liquids, but the 
aromatic sulfonyl chlorides are, with a few exceptions, solids. The esters 


0 \ / 0 

t \ ( t 

of sulfonic acids [ R — S — OR ] are isomeric with alkyl sulfites \ROSOR, 
0 


but the two series differ considerably in chemical and physical properties. 


* The approved convention [Patterson, J. Am. Chem. Sac., 55, 3915, 3920 (1933)] is 
to name sulfonic acids and their derivatives as derived from hydrocarbons. However, in 
the nomenclature of sulfones the acyl radicals derived from Biilfonic acids are alkylsuliunU 
radicals. For example: CII 3 SO 3 II, methaneaulfonic acid; CH 3 SO 2 CI, methanesulfonyl 
chloride; CsHjSOsOCaHj, ethyl benzenesulfonate; CIIsSOaCH^COOH, melhylsulfonylacc- 
tic acid; C 6 H 5 SO 2 CH 2 COOH, phenylsulfonylacetic acid. 

t These are not to be confused with the commoner "soapleas detergents,” which aie 
sodium alkyl sulfates, not sulfonates. Some of the sulfates are prepared by neutralizing 
the alkyl acid sulfates which are formed by the action of concentrated sulfuric acid upon a 
mixture of high-molecular- weight alcohols (average, about C 12 ) obtained by the hydrogens 
tion of glycerides. 

H 2 S0 4 NaOH 

. ROH > ROSO 3 H > ROSOjNa 


These products are sold in “Draft” and “Drene.” “Vel” is likewise a sulfate. 


2 {{lycerol 
-CII 2 > 


OCOR OCOR OCOR 


3RCOCH 2 CH-CH z 

II I I 

0 OH OH 


O OH 

RCOCHaCHCHsOSOsNa 

“Vel" 
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Preparation 

By Sulfonation. Alkanosulfonic acids arc formed in low yields (less 
than 40 per cent) by the action of fuming sulfuric acid 248 or chlorosul- 
fonic acid 249 upon paraffin hydrocarbons. 

RH + H 2 S0 4 -80 3 -> RSOjH + H 2 S0 4 

The reaction occurs more readily with branrhed-chain liydrocarbons 
than with normal liydrocarbons. Some disulfonic acids are obtained 248 
by passing sulfur trioxide through boiling paraffin. 

Sulfonation of aliphatic hydrocarbons may be carried out with sul- 
furyl chloride 260 provided that pyridine, quinoline, or a sulihydryl com- 
pound is added to suppress the chlorination reaction. The reaction 
mixture is irradiated during sulfonation. In this way a 55 per cent yield 
of cyclohexanesulfonyl chloride may be obtained. 

The sulfonation of olefins is described elsewhere (p. 177). 

Sulfonic acids are formed by sulfonation during the refining of pe- 
troleum distillates, and their salts arc used as detergents, emulsifying 
agents, wetting agents, cutting oil, etc. 

Carboxylic acids and anhydrides are more readily sulfonatcd than 
the hydrocarbons. Aliphatic carboxylic acids have been converted to 
ft-sulfo acids by reaction with sulfuric acid , 251 sulfur Irioxidc , 252 and 
chlorosulfonic acid . 253 Kinetic studies 254 indicate the following mecha- 
nism for the sulfonation of acetic anhydride. 

(CH 3 C0) 2 0 + H 2 S0 4 -> CHaCOOH + CH 3 COOSO 3 H -> HO 3 SCH 2 CO0H 

Aliphatic acids react with sulfuryl chloride in an unusual manner * 55 
giving sulfonation in the / 1 -position. This reaction is favored by light 
and by the absence of peroxides. Peroxides catalyze the chlorination 
reaction, which occurs in the a-, /?-, and 7 -positions. 


Peroxides 


ch 3 ch 2 coh 


SOiCIj 


'> CICII 2 CH 2 COOH + CH 3 CIICICOOH 


1— M > HOSOsCHjCHjCOOH 
37% 


248 WorstaU, Am. Chem. J., 20, 664 (1S98). 

248 Young, J . Chem . Soc., 75, 172 (1809). 

2i<J Kharasch and Read, J. Am. Chem. Soc ., 61, 30S9 (1939). 

2il Franchimont, Compt. rend., 92, 1054 (1881) ; Rcc. trav. chim ., 7, 27 (1888). 

252 Melsens, Ann., 52, 276 (1884). 

253 Baumatark, Ann., 140, 81 (1866). 

234 Murray and Kenyon, J. Am. Chem. Soc., 62, 1230 (1940). 

53 Kharasch and Brown, ibid-, 62, 925 (1940). 
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The sulfonation of aromatic hydrocarbons is the common method of 
preparation of aromatic sulfonic acids and is too familiar to warrant 
a detailed discussion. The mechanism of this reaction has been dis- 
cussed elsewhere (p. 175). Fuming sulfuric acid or chlorosulfonic acid 
are the sulfonating agents used. Chlorosulfonic acid appears to form 
the sulfonic acid first 256 but an excess of it produces the sulfonyl chloride. 


Aril + HiSOi-SO* -> ArSOall + H 2 S0 4 


ArH 


ClSOjII 
> 


HC1 + ArSOjH 


ClSOjII 


-> 


H 2 S0 4 + ArSOoCl 


Mercuric sulfate 257 and silver sulfate arc catalysts for sulfonation. 

The temperature of sulfonation may have an important influence 
upon the ratio of isomers produced. For example, sulfonation of toluene 
at low temperatures gives a relatively large amount of the ortho isomer. 
o-Toluenesulfonic acid and p-toluencsul fonic acid arc interconvertible 
on heating with concentrated sulfuric acid. The reaction is considered 2oS 
to be intramolecular. High temperatures (200-250°) arc necessary for 
the formation of disulfonic acids. Disulfonation of benzene gives pre- 
dominantly the meta isomer with a small amount of the para derivative; 
high temperatures and the presence ot moisture accelerate the formation 
of an equilibrium mixture 259 of the two. Introduction of a third sulfonic 
acid group is usually brought about at a higher temperature obtainable 
with a sulfuric acid-potassium bisulfate mixture. 

Sulfonation of polymethylbenzenes 260 or methylhaloben zones 261 may 
give rearrangements. For example, durene gives pen tame thylben zone 
and a mixture of two trimethylbenzcnesulfonic acids. 

Sulfonation has been suggested 262 as a method for the identification 
of arvl halides and ethers. 

By Oxidation of Sulfhydryl Compounds. The oxidation of lead mcr- 
captides by nitric acid 2ft3 is an excellent method for the preparation of 
aliphatic sulfonic acids. The lead sulfonates obtained by this metho 
are readily converted to sulfonic acids by treatment with dry hydrogen 
chloride in isopropyl alcohol. The yields are 60-92 per cent. 


(RS) 2 Pb 


o 

> 

(IINOj) 


(RSOs)*Fb 


- Dry ™--> PbCl 2 + 2RSO a H 

in fCUsJiCilOU 


™ Harding, J. Chan. &*., 119, 1201 <192I>; Stewart, ibid., 121, 255G Ujpb r , g0 
257 Behrend and Mertelsmann, Ann., 378, 352 (1911; ; Holdermunn, Ber., 

(1900;. 

253 Hollemann and Caland, J3cr., 44, 2504 (1911). 

259 Polak, Rcc. trat. chim 14, 41G (1910;. (1SS6)- 

2™ Smith and Caas, ./. Am. Chan. .Smc., 54, 1014 (1932) ; Jacobsen, Bcr 19. l- 
161 Jacobsen, Ber., 20, 2837 (1887; ; Tohl, Brr., 25, 1523 (1892). 

262 Huntress and Carton, J. Am. ('hern, tine., 62. 511 (1940). (lOSo'i* 

263 Noller and Gordon, ibid., 55, 1093 (1933); Vivian and Reid, ibid., * 
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Other oxidizing agents which have been used for the oxidation of mcr- 
captans to sulfonic acids are potassium permanganate 264 and hydrogen 
peroxide. 265 The action of chlorine or bromine in acetic acid or in water 
converts 266 ’ 267 mercaptans and thiophenols to sulfonyl chlorides or sul- 
fonyl bromides. 

RSH + 3 CI 2 + 2 H 2 O — > RSO 2 CI + 5HCI 


By Oxidation of Other Compounds. The preparation of alkanesul- 
fonyl halides has been carried out with excellent results by the oxida- 
tion 13 ’ 268 of S-alkylisothiouroniuin salts (p. 841) with aqueous halogen. 
This process is superior to the one mentioned above because it avoids 
the isolation of the mercaptans. 

r ^] + M TO r L -> i«wi 

pg qv Q[- : J 

\cil»j a " luli '"' 1 — — > RS0:13r (36-65%) 


The chief objection to this method is that a few serious explosions have 
occurred. 269 In these cases it appears that the reaction product was 
not isolated immediately after the introduction of the amount of chlorine 
necessary for the formation of sulfonyl chloride and that nitrogen tri- 
chloride may have been formed. 

The formation of sulfonyl halides or sulfonic acids has been re- 
ported 13 ’ 267 ~ 270 by the application of this reaction to thioeslcrs, S-alkyl- 
thiourethanes, thiolsulfonie esters, thioc yanates, alkylmercaptopyrimi- 
dines, S-alkyltrimethyliso thioureas, xanthates, and similar compounds. 

Although the starting materials are somewhat less conveniently 
prepared, the chlorination of disulfides 119 seems to offer a method of 
synthesis of sulfonyl chlorides without any possibility of the formation 
of nitrogen chlorides. The disulfide is dissolved in glacial acetic acid, 
the theoretical amount of water added, and chlorine passed in. The 
reaction is complete in a few minutes. 

RSSR + 5C1 2 + 4H 2 0 — — — 2US0*C1 + SIIC1 

1 temperature 


m Autenrieth, Ann., 259, 303 (1590); Collins, Itilditch, Marsh, and McLeod, J. Sac. 
Chem. Ind., 52, 272T (1933). 

26s Backer, Rue. iruv. chim., 54, 205 (1935). 

266 Zincke and Frohneberg, Ber., 43, S37 (1910); Young, /. Am. Chem. Sac., 59, 811 
(1937). 

267 Douglass and Johnson, J. Am. Chem. Soc., 60, I486 (193S). 

268 Sprague and Johnson, ibid „ 59, 1S37, 2139 (193 r). 

2<i9 Folkerg, Russell, and Bost, ibid., 63, 3530 (1941). 

m Battegay and Krobs, Compl. rend., 206, l.>02 (19S0 : Jolm»n and Douglass, J Am, 
Chem. Sac., 61, 2549 (1939) : Johnson, /'roc. -lend. Sc,. I . 25, 445 (1939) [ . .. 

34, 2811 (1940)]; Stone, J. Am. Chem. Soc., 62, 571 (1040). 
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Diaryl disulfides 271 may require more vigorous conditions for oxidation. 
Mercaptals, mereaptols, and sulfoxides, which also give sulfonyl chlo- 
rides 119 under these conditions, are not readily enough available to 
appear as promising materials for use of this reaction in synthesis (pp. 
858, 873). T rithioformaldel^de, however, is a good source 119 of chloro- 
methanesulfonyl chloride (p. 858). 

By the Strecker Reaction. Alkyl halides react 272 with sodium or 
ammonium sulfite to give salts of alkanesulfonic acids. Alkyl bromides 
are generally used, but it is claimed 273 that better yields (90-99 per cent) 
may be obtained by using alkyl chlorides in an autoclave at 200°. The 
sulfonic acids may be isolated 274 as their barium salts, liberated with sul- 
furic acid, and converted to phenylhydrazonium salts. The Strecker re- 
action may be applied to polymethylene halides 275 or branched-chain 
halides. 276 

RX + Xa 2 S0 3 -> RS0 3 Na + NaX 

Silver sulfite reacts 277 with alkyl iodides to give esters of sulfonic acids. 

0 

T 

2RX + Ag 2 S0 2 -* R-S— OR + 2AgX 

1 

0 

By Addition of Bisulfites to Olefins. 68 Olefins apparently do not 
react with bisulfites in the absence of oxygen. In the presence of oxygen 
addition occurs 278 in a manner opposite to that predicted by Markowni- 
koff’s rule (“abnormal addition”). Yields vary from 12 per cent (ethy- 
lene) to 90 per cent (einnamyl alcohol). 

CH 3 CH=CH 2 + XallSOa -> CII 3 CII 2 CH 2 S0 2 Xa 

Three sulfonic acids have been obtained 279 from the reaction of styrene 
with ammonium bisulfite in the presence of oxygen. 

271 Schreiber and Shriner, J. Am. Chem, Soc 56, 114 (1934). _ 

572 Strecker, Ann., 148, 90 (1868; ; Rcc.fl and Tartar, J. Am. Chem . Soc ., 57, 570 (19.io,- 

273 Turkiewicz and St. Pilat, Ber., 71, 284 (1938). 

274 Latimer and Boat, J. Am. Chem. Soc., 59, 2500 (1937) ; J. Org. Chem., 5, 24 (l.« ■ 

275 Stone, J. Am. Chem. Soc., 58, 488 (1930). Sec also Stone, Ref. 270. 

274 Zuffanti, J. Am. Chem. Soc., 62, 1044 (1940). 

177 Kurbatow, Ann.. 173, 7 (1874). Alky! sulfites are also obtained by the actio 
thionyl chloride on alcohols. Voss and Wachs, Ber., 68, 1939 (1935). Sec also ReU 

278 Kharasch, May, and Mayo, Chem. and Ind., 16, 774 (1938); J. Org. Chem., a, 
(1938); Kolker and Lapworth, J. Chem. Soc., 127, 307 (1925). 

279 Kharasch, Schenek, and Mayo, J. Am. Chem . Soc., 61, 3092 (1939). 
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C 6 H 5 CH 2 CH 2 S0 3 NH4 

C«H(,CH=CH S -> CsHsCH-CIISOaKH, 

+ 

C 6 H 5 CII(0H)CH 2 S0 3 NH 4 


Other Methods. The formation of salts of a-hydroxy sulfonic acids 
(aldehyde and ketone bisulfites) and of sulfonates by addition to a, 0- 
unsaturated ketones, etc., is discussed elsewhere (p. 677). ^-Hydroxy- 
sulfonates may be obtained 280 by the reaction of alkylenc oxides with 
sodium bisulfite. 


CH 2 — CH 2 + NaHSOs 


H0CH 2 CH 2 S0 3 Na 


Alkaline hydrolysis of alkyl sulfites 277 causes rearrangement from oxygen 
to sulfur and gives sulfonic acids. 24 

0 0 

t r 

R— 0— S— 0— R + XaOII -> R— S-OXa + ROH 

1 

0 

Sodium alkyl sulfites, obtained by the reaction of alkoxides with sulfur 
dioxide, undergo a similar reaction 281 in the presence of salts such as 
sodium iodide. 

0 0 0 

/ t r 

RONa + S -> R— 0— S— ONa — — ¥ R-S-OXa 


Formation of Acid Derivatives. The conversion of sulfonic acids and 
their salts to sulfonyl chlorides may ho carried out by the use of chloro- 
sulfonic acid, 256 phosphorus pentachloridc, 232 benzotrichloridc, 283 or an 
excess of thionyl chloride. 284 The use of acid chlorides for the synthesis 
of esters and amides will be described with the other reactions of sulfonyl 
chlorides. Sulfonyl iodides are prepared from salts of sulfinic acids 
(P* 917). Sulfonic anhydrides, (RSO^O, are known 285 but are not im- 
portant. 

280 Lauer and Hill, J. Am. Chem. Soc.., 58, 1873 (1930). 

281 Rosenheim and Sarow, Bcr., 38, 1303 (1905) ; Rosenheim and Licbknecht, Bcr., 31, 
405 (1898). 

282 Joy and Bogert, J. Org. Chem., 1, 236 (1930). 

283 Ger. pat. 574.S36 |C. A., 27, 4543 (1933)1. t , 

284 Sutherland and Shriner, J. Am. Chan. Soc., 58, 03 (1936); Smiles and Hilditch, 

Chcm. Soc., 91, 522 (1907). 

285 Hvibner, Ann., 223, 238 (18S4) ; Abrahall, J. Chem. Soc., 49, 092 (1886) ; Rosenberg, 
19 , 652 (18SG) ; Armstrong, Bcr., 25C, 752 (1892). 
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Reactions Resulting in Replacement of the Sulfonate Group 

Replacement by — H. The aromatic sulfonic acids are hydrolyzed to 
hydrocarbons and sulfuric acid by heating with mineral acids. 

HCl 

AtS 0 3 H + HOH — > Aril + II 2 S0 4 

The reaction is best carried out in sealed tubes 286 or by superheated 
steam, 287 although highly substituted aromatic sulfonic acids arc hydro- 
lyzed at 100°. The hydrolysis of sulfonic acids is chiefly of interest be- 
cause of its application in the separation of hydrocarbon mixtures. A 
mixture of hydrocarbons or aryl halides is sulfonated and the sulfonic 
acids or salts isolated. Occasionally one component of the mixture is 
resistant to sulfonation 253 and is separated in this way. The separation 
is sometimes carried out by fractional crystallization of the salts and then 
hydrolysis of the purified products. If one of the sulfonic acids is more 
readily hydrolyzed than the other, 260 one hydrocarbon can be removed 
by steam distillation. 

The aliphatic sulfonic acids are not hydrolyzed by acids and in this 
scries replacement of the sulfonic group by hydrogen is not known. 

Replacement by —OH. The formation of phenols by the alkaline 
fusion of salts of aromatic sulfonic acids was discovered 289 simultane- 
ously by Wurtz, Kekule, and Dusart. 

AtS 0 3 K + 2KOH -> ArOK + KaSOj + H 2 0 



ArOH 

This is familiar as a commercial and laboratory 290 method for the sy n- 
thesis of phenols. It may be added that sodium hydroxide often fails 
as a reagent for this reaction but that then potassium hydroxide, alone 
or mixed with sodium hydroxide, will bring about reaction. Rearrange- 
ments often occur during fusion (e.g., both rn- and p-benzenedisulfonic 
acids give resorcinol), and this, therefore, cannot be used to determine 
the orientation of substituents. Oxidation reactions 291 may cause t ie 
formation of by-products. 

K * Limpricht, Ber., 10, 315 (1877). 

287 Armstrong and Miller, J. Chetn. Sue., 45, 148 (1884) ; Kelbc, Bur., 19, 9^ ( 

m Cohen and Hartley, ('hum. Sac., 87, 1362 (1904). 

m Wurtz, Cornpt. rend., 64, 749 (1807) ; Kekul6, ibid,, 64, 752 (1SG7) ; Dusar , 1 ' 

859 (1867). 

290 Gattermann, But., 24, 2121 (1891). g ^qo^; 

291 Lieberrnann, Ann., 212, 25 (1882); Meyer and Hartmann, But., 38, .. 

Boswell and Dickson, J. Am. ('hum. Sac., 40, 1786 (1918;. 
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The aliphatic sulfonic acids are more stable than the aromatic but 
treatment at 350° with 4 N alkali causes partial conversion - 9 - to al- 
cohols. 

Replacement by — CN. Fusion of salts of aromatic sulfonic acids 
with potassium cyanide 293 is a familiar method for the preparation of 
aryl cyanides. 

ArS0 3 K + KCN ->■ K 2 80 3 + ArCN 

The formation of cyanohydrins from the bisulfite addition products of 
the aldehydes and ketones may be considered an example of an anal- 
ogous reaction in the aliphatic series. The reaction docs not appear 
to have been extensively studied with the aliphatic sulfonic acids, but 
a-toluenesulfonic acid 294 gives benzyl cyanide by distillation with po- 
tassium cyanide. 

CeHsCHaSOaK + KCN — > K 2 S0 3 + C 6 H 6 CH 2 CX 

Replacement by Other Groups. A number of reactions for the re- 
placement of the sulfonic acid group have either been studied in only 
a few cases or are not generally applicable. Aldehydes have been ob- 
tained 295 by fusion of sodium formate with the potassium salt of an 
aromatic sulfonic acid. The sodium sulfonate docs not react. 

0 0 
II Fuse II 

ArS0 3 K + NaOCH — > ArC-H + NaKSOa 

SuLfanilic acid gives tribromoaniline 296 by reaction with bromine water, 
hut this type of replacement is limited, in the benzene scries, to cases 
in which the sulfonic acid group is ortho or para to a phenolic or amino 
group. 



In general, sulfonic acids derived from polycyclic aromatic hydro- 
carbons undergo replacement of the sulfonic add group more icadily 

* 92 Wagner and Reid, J. Am. Chem. Sac., 53, 3407 (1931). 

233 Merz and Mulhauser, Bcr., 3, 710 (1S70). 
m Barbaglia, Bcr., 5, 270 (1872). 

" 95 Meyer, Ann., 156 , 273 (1870). „ 

Kelbe, Ber., 15 , 39 (1882); Bcr., 16 , 617 (1883); Kell* d al, Bcr., 19 , lo47, 1/30, 
2l;i7 (18S6); Hcinichen, Ann., 253 , 271 (1SS9) ; Baur, Bcr., 27 , 1619 (1894). 
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than the members of the benzene series. Some of the nitronaphth alone- 
sulfonic acids and anthraquinoncsulfouic acids give 297 nitrochloro- 
naphthalenes and chloroanthraqui nones by heating with hot aqueous 
chlorine or with hydrochloric acid and sodium chlorate. 

Some sulfonates undergo replacement reactions 298 when heated with 
phosphorus pentaehloridc. 


S0 3 Na 




+ 2P0C1 3 + NaCl + SOCln 


Poor yields of aniline are obtained 299 by heating sodamide with 
sodium benzenesulfonatc, but sodium /3-naphthalcnesulfonate and 
naphtholsulfonates give better results. 300 





Replacement of sulfonate groups by amino groups occurs with relative 
ease in the monosulfonic and disulfonic acids derived Irom antlirucjui- 
none. 301 


0 



0 

70% 

597 TJllmann and Ochsner, Ann., 381, 2 (1911); Cer. pat. 205,913 [Chem. ^ 

(1909;] ; Gcr. pat. 228,870 [Chem. Zenlr., I, 102 (1911)]; Friodlander, Karamea* 
Schenk, Ber 55, 45 (1922). . . j 0 f the 

998 Carius, Ann., 114, 145 (1800). Under milder conditions an excellent Dojjerti 
eulfonyl chloride is obtained from sodium a-naphthalencsulfonatc. See Joy am 
Ref. 282. 

298 Jackson and Wing, Ber., 19, 902 (1880). 

300 Sachs, Ber., 39 , 3014 (1906). 7 {r I, SCO 

*>» Kaufler and Imhoff, Ber., 37, 4708 (1904); Gcr. pat. 250,515 [Chem. * 

(1913)]; Ger. pat. 273,810 (Chem. Zenlr., I, 1903 (1914)]. 
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Sodium a-anthraquinonesulf on ate reacts readily 302 with mcrcap- 
tides, giving a-alkylmercaptoanthraquinones. This reaction has been 
applied to the preparation of solid derivatives of mereaptans. 



The sulfonic acid group is often readily replaced by the nitro group; 
Bulfonation is sometimes carried out 303 before nitration bccau*>e the 
sulfonic acids arc not readily oxidized by nitric acid. 



Disulfonic acids and their derivatives in which the sulfur atoms arc 
attached to adjacent carbon atoms are cleaved by alkaline reagents !W 
similarly to ethylene disulfones (p. 883). 


Reactions of Esters of Sulfonic Acids 

Unless definitely stated otherwise, this discussion will deal with ali- 
phatic esters of aromatic sulfonic acids. The aliphatic esters of aliphatic 
sulfonic acids have not been thoroughly investigated; their reactions 
appear to be sometimes similar and sometimes dissimilar to t ose o 
the alkyl esters of aromatic sulfonic acids. The reactions of the latter 
(ArS0 3 R) lead to introduction of an alkyl group, but when aryl esters 
(ArS0 3 Ar) react they usually 305 form sulfinates and introduce the 
ArO group. In general the aryl esters are less useful m synthesis and 
will not be described in detail. It should perhaps be pointed out that 


3,2 Reid, Mackall, and Miller, J. Am. Chem. Soc 43, 2104 (1921). 

353 Merz and Zetter, Her., 12, 2037 (1870). Knhuraer Brr 

304 Autenrieth and Rudolph, Ber., 34, 3469 U901) ; Auteoneth and Koburger, Ben, 

3 ». 3026 (1903) ; Kohler, Am Chem. J.. 19 , 728 (1897) ; Cluttebuck and Cohen, J. Chem, 
J. Chem. Soc.. 101, 273 (1912) ; Philips, 123, 44 (1923). 
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the sulfonic esters * contain no double bond and that this may account 
for the difference in their reactions and those of esters of carboxylic 
acids. From the same considerations outlined in the discussion of sul- 
fones (p. 881) it would follow that reactions of carboxylic esters which 
occur by addition to the )C=0 would not occur, or would occur less 
readily, or by a different mechanism, with sulfonic esters. 

0-, N-, S-Alkylation. Alcohols are produced by the alkaline hy- 
drolysis of alkyl esters of sulfonic acids. In some cases 305 hydrolysis 
occurs by exposure to moisture of the air. Sodium alkoxides or phenox- 
ides give ethers. 306 Amines 305, 307 are alkylated by alkyl sulfonates as 
they are by alkyl halides. 


ROH 


ROR 

\ 

NaOR\^ 


R\ 


>NH 2 


ArSCV 


ArS0 3 R 


R'NHj 


NaO.Vr 

/ 

ArOR 


V ' 1 

\ 


2 nii 


RjN 

[RiNRl+ArSOs" 


R'nI 

>H 

R x 


ArS0 3 * 


» 

NfcOH 



NaOlI 


> R'iNR 


The formation of quaternary ammonium sulfonates has been used for 
the identification of amines. 308 Alkoxymagnesium halides, instead of 
giving ethers as do the sodium alkoxides, give alkyl halides 309 from their 
reaction with alkyl esters of aromatic sulfonic acids. 

2ROMgX (RO)sMg + MgXj - 2R'X + (ArSOj)iMg 

The formation of sulfides (p. 854) and sulfones (p. 874) by the reactions 
of mercaptides and sodium sulfinates with alkyl sulfonates has already 
been mentioned. 

* This chapter contains no separate discussion of alkyl sulfates, but their structure 

/ r \ 

I ROSOR j is closely related to that of sulfonic esters and the reactions of the two series are 

\ u 

therefore comparable. 

308 Kastle and Murrill, Am. Chem. 17 , 290 (1895); Kastle, Murrill, and i ra - 
ibid., 19, 894 (1897). 

307 Ullmann and Wenner, Ann., 327, 120 (1903) ; Foldi, Ber., 55, 1535 (1922). 

808 Marvel, Scott, and Amstutz, J. Am. Chem. Soc., 61 , 3638 (1929). 

809 Mine, J. Chem. Soc. Japan, 55, 1168 (1934) [C. A., 29, 7940 (1935)]- Cope [J - - 
Chem. Soc., 66, 1346 (1934)1 has observed a similar reaction with alkyl sulfates. 
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C-Alkylation. The alkyl esters of aromatic sulfonic acids appear 310 
to be satisfactory reagents for the alkylation of active methylene com- 
pounds, although they have not been widely used for this purpose. 

ONa 0 

I II 

ArSOaR + CH 3 C=CHCOOC 2 H & -» ArSOjN'a + Cli 3 C-CliCOOC 2 H 5 

I 

R 

The reaction of sulfonates with Grignard reagents has been thor- 
oughly studied. 305, 311 Alkyl esters of aromatic sulfonic acids react with 
both aromatic and aliphatic Grignard reagents, giving the hydrocarbon 
(30-70 per cent) and halomagnesium sulfonate. The latter is responsible 
for the side reaction which gives alkyl halide as a by-product. 


ArSOaCHa + RMgX-> ArS0 3 MgX + ltCH 3 (or ArCH 3 ) 

(or IT ArSOiCHi 

ArMgX) (ArSD 3 )tMg+MgX* - J > CH 3 X+ArS0 3 MgX 


This reaction is the basis of methods for lengthening the carbon chain 
by three carbon atoms 312 and for preparing p-alkylbromobenzenes, 313 

ArS0 3 CH 2 CH 2 CH 2 Cl + RMgX ArSOaMgX + RCII 2 CH 2 CH 2 C1 

(50-00%) 

ArS0 3 R + p-BrCftMgBr ArSOaMgBr + p-BrC 6 H 4 R 


Aryl esters of aromatic sulfonic acids 3,1 do not react with alkyl- 
magnesium halides; with arylmagnesium halides the products are 
diarylsulfones (40-85 per cent). 

O 


t 


ArSOaAr- 


Ar ‘ — > Ar — S — Ar' + Ar'OMgX 

I 

UMgX 


O 


-> No reaction 


Alkyl esters of aliphatic sulfonic acids 305 give both types of the re- 
actions described above. Ethyl cthanesulfonate reacts with pheny- 
magnesium bromide to give a sulfone as the majoi product, a 1 loug 
some ethylbenzene is formed. 


1.0 Nair and Peacock, J. Indian Ckem. Sac., «. 31S (1935) [C. A., S». 688) 

1.1 Gilman and Beabor, J. Am. Cl, cm. See.. 47, 520 <W2o) ; Odman B^r, and Myers, 
47, 2047 (1925) ; Gilman aad Heck. ibid.. 60, 2223 (1928) ; Mine, J. them. Sec. Japan, 

55 ‘ 1087 (1934) [C. A.. 29, 5427 (1935)). 

312 Rossander and Marvel, J ■ Am. Chcm. Soc., 50, 

313 Copenhaver, Roy, and Marvel, ibid., 57, 1311 (1935). 



898 


ORGANIC CHEMISTRY 


0 

T 

C 6 H 5 -S-C 2 H 6 + C 2 H 6 OMgBr 

l 

0 


CflHs — C 2 H 5 + C 2 H 6 S0 3 MgBr 

Fries Rearrangement. The formation 314 of a sulfonc from the treat- 
ment of p-tolyl benzenesulfonate with anhydrous hydrogen fluoride is 
analogous to the well-known Fries rearrangement of aryl esters of car- 
boxylic acids. 

CH 3 CH 3 




Reactions of Sulfonyl Halides 

With — OH Compounds. Sulfonyl halides are hydrolyzed slowly by 
water, rapidly by alkali. They react readily with alcohols 315 to give 
esters. Aryl esters arc prepared by using a salt of the phenol or, better, 
by the use of pyridine 316 as a solvent. 


2NaOH 



(CjIIsN) 


RSOaXa + NaCl + H 2 0 

0 

T 

R— S— OR' + IIC1 

l 

0 

' 0 

T - 

R— S-OAr + CJIsN-HCl 

1 

0 


With Amines. The most common use of the reaction of amines with 
sulfonyl halides is in the familiar Hinsberg test 317 for distinguishing 


314 Simons, Archer, and Randall, ibid., 62 , 485 (1940). 

315 Krafft and Roos, Ber., 25 , 2255 (1892) ; 26 , 2823 (1893) ; Krafft, Ber., 26 , 2829 (1893). 
318 Sekera and Marvel, J. Am. Chem. Soc 55 , 345 (1933) ; Sekera, ibid., 65 , 421 (1933) 1 

Hazlet, ibid., 59 , 287 (1937). 

317 Hinsberg, Ber., 23 , 2963 (1890); Hinsberg and Kessler, Ber., 38 , 906 (1905). 
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primary, secondary, and tertiary amines. The reaction may also be 
applied to the separation of amino mixtures and to characterization of 
amines or sulfonyl chlorides. In the case of primary amines, disulfonyl 
derivatives are sometimes important by-products, but these may be 
converted to simple sulfonamides by alcoholysis in the presence of 
sodium ethoxide. 


RS0 2 C1 



> 

NaOH 

' R'iNH 


> 


R'aN 


-> [RS0 2 NR / ]'Na+ (RS0 2 ) 2 NR' 

t 1 


NaOC 2 H s 

RS0 2 NR' 2 — Insoluble in acids and bases 


With Enolates of Active Methylene Compounds. When p-toluene- 
sulfonyl chloride is allowed to react with the sodium derivative of ethyl 
acetoacetate, 318 it appears that the first step is reduction of the chloride 
to the sulfinate; subsequent reactions lead to the formation of tolylsulfo- 
nylacctic ester and diaectylsuccinic ester. Similar results are reported 
with malonic ester. 


ONa 

1 

RS0 2 C1 + CH 3 c=chcooc 2 h t, 

I II 


CH a COOC 2 H 6 + 

RS0 2 CH 2 C00C,H s - 


RSOjNa + CII 3 C0CHC1C00C 2 H 6 



rcH B cocHcooc 2 n 6 i ch 3 cochcooc 2 h 6 
I I 

L SOUl J ch 3 cochcooc 2 h 6 

Not iBnlatcd 


With Organometallic Compounds. The activity of sulfonyl halides 

as halogcnating agents, shown above, is also observed in their reactions 
with zinc alkyls 319 and sodium acetylides, 320 which produce replacement 
of metal by halogen. 

2RS0 2 I + (C 2 H 5 ) 2 Zn -> (RS0 2 ) 2 Zn + 2C 2 H S I 
RSO 2 CI + C 6 H 5 C=C— Na RS() 2 Na + C 6 H 5 C^CC1 

The reaction of sulfonyl chlorides with an equivalent amount of the 
Grignard reagent 321 at low temperatures gives sulfones (up to 35 per 
cent) as well as products analogous to those from other organometallic 
compounds. 

318 Kohler and MacDonald, Am.. Chcm. J., 22, 219, 225 (1899). 

319 Otto and Troger, Bar., 24, 488 (1891). 

329 Truchet, Ann. chim., 16, 390 (1931); Murray, J- Am. Chain . <Soc., 60, 26G2 (1938). 
321 Gilman and Futhergill, J. Am. Chem. Sue., 51, 3501 (1929). 
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C 6 H 6 S0 2 C1 + RMgX — 


0 

| X 

C 6 H*— S-R 4- Mg/ 
i X C1 

0 

CeHsSOaMgX + RC1 


When the sulfonyl chlorides arc treated with an excess of the Grignard 
reagent, then gently heated, the sulfinate is converted to sulfoxide and 
other products. 321, 322 

O 

t 

C 6 H 5 S0 2 MgX + RMgX C 6 H b SR + (MgX) 2 0 


The reaction of sulfonyl fluorides with the Grignard reagent has been 
the subject of a controversy. 323 The formation of sulfones and disulfones 
has been reported. 


C 6 H*S0 2 F + CH 3 MgI — > C 6 H 6 S0 2 CH 2 S0 2 C6H 5 
i ii t 

i i, I' 

MgX 2 + C 6 II 5 SO 2 CII 3 — > [C«II 6 S0 2 CH 2 ]-MgX+ + CH 4 


Other Reactions. The reaction of sulfonyl halides with mercaptans 
and thiophenols is not analogous to the reaction with alcohols and 
phenols and will be considered in the section on thiolsulfonic esters. 
The preparation of thiophenols (p. 844) and sulfinic acids (p. 914) by the 
reduction of sulfonyl halides is described elsewhere. Aliphatic sulfonyl 
chlorides form a-halo derivatives 324 by a reaction analogous to the Hell- 
Volhard-Zelinsky synthesis. Some sulfonyl halides decompose upon 
standing or under the influence of heat; a-toluenesulfonyl chloride, 325 
for example, gives benzyl chloride and sulfur dioxide. 

Ileat 

c 6 h 6 ch 2 so 2 ci > c 6 h 5 ch 2 ci + so 2 


Reactions of Sulfonamides 

Hydrolysis. In discussing the Hinsberg reaction (p. 899) it was 
mentioned that an important application was the separation of amines. 
The amines may usually be recovered from their sulfonamides in good 

322 Hepworth and Olapham, J. Chem. Roc., 119, 1188 (1921); Wedekind and Schenk, 
Ber., 54, 1604 (1921). 

323 Steinkopf and Jaeger, J. prakt. Chem., 128, 03 (1930) ; Gibson, itrid., 142, 218 (1935). 

324 Latimer and Boat, J. Org. Chem., 5, 24 (1940), 

325 Limpricht, Ber., 6, 534 (1873) ; Mohr. Ann., 221, 215 (1883). 
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yields (90-95 per cent) by refluxing (ten to thirty-six hours) with 25 
per cent hydrochloric acid . 326 

HCl 

ArS0 2 NHR + H 2 0 — -> ArSOaH + RNH r HCl 
I II 2 0 

v 

ArH + H 2 S0 4 

a-Toluenesulfonamides are very readily hydrolyzed and are therefore 
useful in synthesis . 327 

C 6 H 5 CH 2 S0 2 NR 2 + 2HC1 -► C 6 H 6 CH 2 C1 -f S0 2 + R 2 NH HCl 

Sulfonamides obtained from secondary amines undergo this reaction 
more readily than those from primary amines. Acid hydrolysis of nitro- 
benzenesulfonamides is extremely difficult. 

The reaction of sulfonamides with cold aqueous alkali to form salts 
is a familiar one (see p. 899). The acidity of sulfonamides may be at- 

0 

r 

tributed to the electron-attracting properties of the R — S — group, and 

i 

0 

the structure of the anion is subject to the same considerations advanced 
in the discussion of sulfones (p. 880) except that N replaces C. 

Most sulfonamides are not changed by drastic treatment with alkali 
(e.g., benzenesulfonanilide is unaffected by fusion with 80 per cent so- 
dium hydroxide at 250°), but the presence of a nitro group in the ortho 
or para position causes them to undergo alkaline hydrolysis . 271 ’ 328 
Cleavage occurs between sulfur and carbon, rather than between sulfur 
and nitrogen as is the case in acid hydrolysis. 

NaOH NaOH 

O2KC&H4SO2NHR — OzKCftHiONa + HNHSOjNa > 

RNH 2 + Na 2 S 0 3 

40 - 00 % 

Halogenation. Sulfonamides react readily 329 with halogen in alka- 
line solution to give N-halo and N,N-dilmlo derivatives. 

RS0 2 NII 2 + NaOX -> II 2 0 + [R80jNX]-Na+ 7 °^ 2 NaOH + RS0 2 NX 2 

+H20 

| hci 

RSOjNHX + NaCl 

126 Schreiber and Shriner, J. Am. Cham. Sue., 56, 1618 (1934). 

J2T Johnson and Ambler, ./. Am. Chem. Sac., 36, 372 (1914) ; Johnson and Bailey, J . A m. 
Chem. Soc., 38, 2135 (1916). 

328 Pezold, Schreiber, and Shriner, J. Am. Chem . Soc., 56, 696 (1934). 

323 Chattaway, J . Chem. Soc., 87, 148 (1905). 
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“Chloraminc-T” (sodium N-chloro-p-toluenesulfonamidc), “Dichlor- 
amine-T” (N,N-diehloro-p-toluenesulfonamidc), and “Halozomr’ 
(p-HOOCCfiTUSC^XCB) arc useful antiseptics. The halogen of N-halo- 
sulfonamides is “positive” in character; it is therefore remarkable that 
a salt such as Chloraminc-T ( [0H 3 C6H4S0 2 NC1] - Na + ) should be 
stable. 

The N-halosulfonamides add to olefins, 330 forming /3-haIosulfonu- 
niidcs. 

Br Br CH 3 

I I I 

C 6 H 5 CH=CHCH 3 + C6II5SO2NCII3 -> C 6 TI 5 Cri-CH-N-S 0 2 C 6 lI 5 

I 

ch 3 

By carrying out the reaction in the presence of alcohols or acids the 
main products arc /3-halogen ethers (80-95 per cent) or esters. 



+ RSO2NCI2 


— C— C— + KSO 2 XHCT 

-> | 

Cl OR 


o 

liC-OH 
> 


— C— C— + RSO2NUCI 

I ( 

Cl ocf 

X R 


Dihalides and /3-chlorosulfonamidcs are by-products of these reactions. 
In the reaction of unsymmetrieal olefins with N-bromo-N-alkylsulfona- 
mides the bromine atom takes the same position as in the “normal” 
addition (Markownikoff’s rule) of hydrogen bromide, but with N,N-di- 
bromoamides “abnormal” addition occurs. 331 

Alkylation. The salts of sulfonamides or N-alkylsulfonaniides arc 
alkylated by alkyl halides 332 or alkyl sulfates. 333 


RSO2XII2 


L > [RS0 2 XHT\a 4 


> RSOsNlIR' 

[RSOzXR']- Xa+ 


RSOiNR'a 


This reaction is useful in the synthesis of amines. 334 

330 Foldi, Ber., 63, 2257 (1930); Fikho.sherstov el al., J. Gen, Chem . (U.S.S.Ii.), 8. 370 
(1938;; ibid., 9, 2000, 2012, 2085 (1939) ; Acta Unit. Vt rro/uigicnsia, 9, No. 3 (1937) [C. A., 
32, 5309 (1938) ; 34, 4380, 4381, 3673 (1940); 32 , 7018 (1938)]. 

331 Kharasch and Priestley, /. Am. Chew. Sac., 61, 3425 (1939). 

332 Ilinsberg and Strupler, Ann., 287, 222 (1895). 

333 Psrhorr and Karo, Ber., 39,3140 (1906). 

331 Carotherh, Birkfnrd, and Uurwitz, Am. Chan. Sac., 49, 2908 (1927). 
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Reaction with Aldehydes. Either acids 335 or bases 338 catalyze the 
reaction of sulfonamides and N-alkylsulf on amides with aldehydes. The 
types of products formed may be illustrated with formaldehyde. 

,(RS0 2 NH) 2 CH 2 

RS0 2 NH 2 + CII 2 O -> RS0 2 NHCH 2 0H<( 

\RS0 2 N=CH 2 ) n 

» = 2 or 3 

ch 3 

I 

2 RSO 2 NHCH 3 + CH 2 0 (RS0 2 N-) 2 CH 2 


A variety of aldehydes have been used in this reaction. 337 Synthetic 
resins may be so obtained. 336 

Sulfonhydrazides. Alkaline hydrolysis of N-acyl sulfonhydrazides 
has been applied 337 to the synthesis of aromatic aldehydes; aliphatic 
aldehydes cannot be prepared by this method. 

0 

II , C 6 H fi S0 2 Cl 

ArCNHNH* -- --- 
or 

c 6 ii b so 2 nhnh 2 — — - 

ArOCl 

o 

Ar — C — H -b N 2 4~ C B H5S0 2 Na 


0 


Ar—C— NH— NTTSCcHs 

l 

0 

0 


NftjOO, 


100° ill 

glvcerol or 
ethylene glycol 


N-Alkylsulfonhydrazides give hydrocarbons upon hydrolysis. 338 
RSO 2 NHNHR' + NaOH -> RS0 2 Na + H 2 0 + N s + R'H 


Other Reactions. The sulfonamides, sulfonyl chlorides, and thiol- 
sulfonic esters are the only sulfonic acid derivatives which can be re- 
duced. The reduction 339 of sulfonamides requires hydriodic acid in a 
sealed tube with phosphonium iodide as a catalyst. 

ArSOnNHs + 7HI ArSH + 31* + NHJ + 2H s O 

336 McMaster, ibid ., 56, 204 (1934). 

330 Can. pat. 303,697 [C. A., 24, 5518 (1030)1. 

337 Walter et al., Kolloid Beihe/te, 40, 1, 29, 45 (1934) [C. A 28, 7560 (1934)]; Hug, 
Bull. soc. chim., [5] 1, 990 (1934); MacFayden and Stevens, J. Ckem. Soc,, 584 (1936); 
Buclunan and Richardson, J. Am. Chem. Soc., 61, 891 (1939) ; Natelson and Gottfried, 
Mid., 63, 487 (1941). 

338 Arndt and Scholz, Ann., 510, 62 (1934) ; Coffey, J. Chcm. Soc., 637 (1926). 

339 Fischer, Ber., 48, 93 (1915). 
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Sulfonamides react with nitrous acid 340 and diazonium salts. 340 , 341 
Sulfonazides are mentioned elsewhere (p. 929). 

Specific Sulfonic Acid Derivatives of Importance 

The formation of isethionic acid, ethionic acid, and carbyl sulfate 
has been discussed in Chapter 3. Methionic acid behaves as an active; 
methylene compound. 342 Taurine occurs in combination as taurocholie 
acid in the bile. Sodium iodomethanesulfonate (Abrodil) is opaque to 
x-rays and is therefore useful in x-ray therapy. Saccharin is a sulfoni- 
mide. Compounds of great medicinal importance are sulfanilamide, 
sulfapyridine, sulfathiazole, and sulfapyrimidine (sulfadiazine), which 
are useful as specifics for streptococcic, pneumococcic, and other in- 
fections. 343 

H0CH 2 CH 2 S0 3 H 

Isethionic acid 

CIT 2 (SOJI), 

Methionic acid 

ICII 2 S0 3 Na 

Abrodil 



Sulfapy riini dine 


340 Hinsberg, Ber., 27 , 598 (1894). 

341 Key and Dutt, J. Chem. Sac., 2035 (1928). 

342 Schrotcr and Herzberg, Ber., 38 , 3393 (1905); Franchimont and Klobbie, Rcc. 
(rat. chim 9 , 233 (1890). 

343 Northey, Chem. Rev., 27 , 85 (1940). This contains a comprehensive survey of 
about 200 references to compounds of the sulfanilamide type which are of chemotherapeu- 
tic interest. 


ho 3 socit 2 cit 2 so 3 ti ch 2 -so 2 -o 

Kthionic acid I I 


h 2 xch 2 ch 2 so 3 h 


Clio o so 2 

Carbyl sulfate 


Y 


NH II, X- 


SOjXIIa 


O 

Saccharin 


Sulfanilamide 
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X. THIOLSULFONATES * 


General Characteristics 

Thiosulfonic acids are unknown but their salts and alkyl derivatives, 
considered here as esters, may be prepared. The structure of the esters, 
which are also called disulfoxides, will be considered after their chemistry 
has been discussed, but in the meantime they will be assumed to have 
the structure A. The structure of the salts will be written as in B. 
This is an arrangement of convenience and is adopted because the diva- 
lent sulfur is involved in most of the reactions of the salts. The con- 
vention should not be regarded as having any more specific meaning, 
since in the thiosulfonate anion (C) the electronic configurations of the 
divalent sulfur and of oxygen are similar. 


Na+ 

AD C 


0 

t 

R— S— S— 11 

1 

0 . 


0 

T 

R—S— S— Na 

i 

0 


:0 
ft: S 
:0 


S: 


The salts are crystalline, water-soluble solids. The lower-molecular- 
weight alkyl esters of alkanethiosulfonic acids 544 are liquids heavier 
than water, with a very unpleasant odor. They cannot be distilled 
without decomposition but may be steam-distilled. Those of high 
molecular weight arc odorless solids . 345 The aryl esters of aromatic 
thioLsulfonic acids 344 ’ 346 are usually crystalline solids. Some of these 
compounds 347 become colored upon exposure to light but become color- 
less again upon standing in the dark (photo tropy). This phenomenon 
is attributed 347 to the presence of small amounts of disulfides as im- 
purities. 


* Thu name "thiolsulfonate” ia use<l here in the nomenclature of the esters because of 
the analogy with thiol esters of carboxylic acids (p. 930). Theoretically, other thio (but 


not thiol) sulfonic esters are possible 



The structure of the salts (formula C 


above) is such that their designation as thiol or thion derivatives would be meaningless, 
and the salts are therefore named as thiosulfonates. 

344 Otto, Ber 15, 121 (1882). 

34s Otto, Ann., 145, 13, 317 (1868) ; Fromm and Palma, Ber., 39, 3308 (190G) ; Hilditch, 
J- Chcm. i Hoc., 97, 1091 (1910). 

346 Bero and Smiles, J. Chcm. Soc., 125, 2359 (1924) ; Gauntlett and Smiles, ibid., 
127, 2746 (1925), 

347 Child and Smiles, ibid., 2696 (1926). 
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Methods of Preparation 

From Sulfinic Acids. Free sulfinic acids decompose * slowly, giving 
sulfonic acids and thiolsulfonic esters. The decomposition may be 
hastened 544 by heat and aqueous acid and the reaction is used for the 
preparation 345,348 of thiolsulfonic esters. 

3RSO2H Hi °' hea t -> RSOjH + RSO2SR 

add 

The sodium salts of thiosulfonic acids may be obtained 349 from the 
reaction of solutions of the sodium salts of sulfinic acids with sulfur. 

RS0 2 Na + S -> RSOsSNa 

The sodium or potassium thiosulfonates give the corresponding esters 
when treated 344 ’ 350 with reactive alkyl halides or alkyl sulfates. 

RSOjSXa + R'X -» RSOaSR' 

The ammonium salts of sulfinic acids decompose, 351 giving products 
similar to those obtained from the free acids. 

RSOjII — H ‘ > 3RSO2XH4 -> RSO3XH4 + RSO2SR + 2XII1 

This is also similar to the reaction 352 of phenylhydrazine with sulfinic 
acids. 

3RS0 2 H + C*H 5 NHNHi RSO*NIIXIIC«TI* + RSOaRR 

The silver salts of sulfinic acids, prepared from the reaction of the 
sodium salts with silver nitrate, react 347 , 353 with sulfcnyl halides to 
give thiolsulfonic esters. 

AftNOi R'SBr 

RSOgXa — > RS0 2 Ag > RSO2SIV 

The silver sulfinates are generally not stable in air for long periods of 
time and should be prepared immediately before use. This method 
appears well suited for the synthesis of unsymmctrical thiol esters, in- 
cluding aryl derivatives which cannot be obtained from the sodium 
thiosulfonates by the other methods described above. 

* It is reported, however, that pure sulfinic acids may be stored in a desiccator without 
decomposition, [Autenrieth, Ann., 259, 362 (1890).] 

348 Smiles and Gibson, ibid., 125, 180 (1924) ; v. Braun and Weissbach, Her., 63, 2830 
(1930). 

349 Troeger and Grothe, J. prakt. Chem., [2] 56, 473 (1897). 

330 Gibson, J. Chem. Sue., 2637 (1931). 

351 Halssig, J . prakt . Chem., [2] 56, 213 (1894). 

352 Escalas, Her., 18, 893 (1885). 

333 Gibson, Miller, and Smiles, Chem. Sac., 127, 1821 (1925). 
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From Sulfonyl Halides. Unsymmetrical thiolsulfonic esters may also 
be prepared satisfactorily (80-90 per cent) by the reaction of sulfonyl 
iodides with silver mercaptides. 347 • 353 

i 2 h'SAk 

RS0 2 Na > Nal + RS0 2 I — RSO 2 SR/ 

In the more reactive sulfonyl iodides, decomposition may liberate free 
iodine which oxidizes the mercaptide to the disulfide. The method 
therefore gives the best results when stable sulfonyl iodides are used 
and when the corresponding disulfide is soluble in water and therefore 
readily removed. 

It should perhaps be mentioned at this point that the reaction of 
sulfonyl chlorides with sulfhydryl compounds is not generally 354 a satis- 
factory method for the preparation of thiolsulfonic esters, although 
small yields (up to 25 per cent) may be obtained in the presence of 
pyridine. 353 

RS0 2 C1 + R'SH + C 5 H 5 N RSOsSR' + C 5 H 6 N-HC1 

The chief products of the reaction are usually sulfmic acid (RSO 2 H) and 
disulfide (R'SSR/)- It is likely that the ester is the precursor of these 
but that it reacts with the mercaptan (p. 908) to give the chief products. 

Salts of thiosulfonic acids are obtained 349 , 350 , 555 from the reaction 
of sulfonyl chlorides with sodium sulfide. The reaction occurs in two 
stages. The first is the reduction of the sulfonyl chloride to sulfinate 
with precipitation of finely divided sulfur. Upon heating the solution 
the sulfur slowly dissolves with the formation of a thiosulfonate. 

RS0 2 C1 + NmS -> NaCl + RS0 2 Na + S RSOsSNa 

From Disulfides. Cautious oxidation of disulfides with hydrogen 
peroxide at room temperature produces thiolsulfonic esters. 356 

R-S-S-R — 5^-r> RSO 2 SR 

Acetic acid 

Tetrahalides of some disulfides may be obtained by the reaction of the 
disulfides with bromine or iodine. These are hydrolyzed 357 to thiolsul- 
fonic esters by water or silver nitrate. 

K — S — S--R + Br 2 -* (RS Br 2 ) 2 RS0 2 SR 

354 However, see Kohlhase, J. Am. Ckem. Soc., 54, 2441 (1932). 

m Spring, Bcr 7, 1157 (1874) ; Otto, Her., 13, 1282 (1880) ; Fromm and Erfurt, Ber., 
42, 3S16 (1909). 

350 Hiiisbcrg, Ber., 41, 2836 (1908); Bcr., 42, 1278 (1909); Kolhatkar and Bokii, J. 
Indian Ckem. Soc., 7, S43 (1930) [C. A., 25, 2126 (1931)]. 

367 Fromm, Z. angew. Chem., 24, 1125 (1911). 
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Other Methods. The hydrolysis of sulfenyl chlorides or sulfonic 
esters (p. 921) gives thiolsulfonic esters, but the reaction is not suited 
for preparative work because half of the product is a disulfide, which is 
difficult to separate from the thiolsulfonic ester. Oxidation of mercap- 
tans by nitric acid was the earliest method 368 for the preparation of 
these compounds. Thiolsulfonic esters are among the products of 
electrolytic oxidation 359 of sulfides, disulfides, and sulfoxide's. Retenc- 
sulfonyl chloride gives the thiol ester 360 by treatment with zinc dust in 
benzene. Thiolsulfonic esters are among the products obtained by (1) 
the reaction of the salt of a thiolsulfonic acid with ethyl chloroearbo- 
nate, 361 (2) hydrolysis of sulfonyl iodides, 362 and (3) treatment of w-nitro- 
benzenesulfonyl chloride with aluminum chloride in carbon disulfide. 363 

Reactions 

In most of their reactions, thiolsulfonic esters are thioalkylating 
agents. The cleavage of both alkyl thiolsulfonates and aryl thiolsulfo- 
nates, therefore, is comparable to that of aryl esters of sulfonic acids. 

0 OOO 

T t t T 

R — S — O— Alkyl R — S — 0 — Ar R — S-- S — Alkyl R — S--S — Ar 

■i i ^ i 'l* 

0 OOO 

With Sulfhydryl Compounds. Sulfhydryl compounds, 364 sodium or 
potassium mercaptides, 365 or zinc mercaptides 364 react with thiolsulfonic 
esters to give disulfides. 

0 

T 

RS— SR' + R'SII 

i 

0 

This reaction is probably responsible fur the difficulties already noted in 
the preparation of thiolsulfonic esters from reactions using mercaptaus 
or mercaptides. 

358 Marcker, Ann., 136, 83 (1865). 

359 Finhter and Sjostedt, Her., 43, 3422 (1910) ; Kichtnr and Wtmk, Ber., 45, 1373 (1912). 

360 Haaselstrom and Bogert, ./. Am. ('hem. Soc. , 57, 1579 (1935). 

3Sl Otto and Rossing, Ber., 24, 1147 (1891). 

362 Otto and Troger, Ber., 24 , 478 (1891). 

363 Limpricht, Ann., 278, 239 (1895). 

304 Fauly and Otto, Ber., 10, 2181 (1877). 

565 Gilman, Smith, and Parker, J. Am. ('hem. Hoc., 47, 851 (1925), 


in ether 

;it 0° 


-> RSOaK + R'SSR/ + II 2 0 
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Hydrolysis. Treatment of thiolsulfonic esters with dilute aqueous 
alkali 366 gives sulfinates and disulfides, Sulfenic acids may be inter- 
mediate products (cf. p. 921). 

3RS0 2 SR + 4NaOH -> RSSR + 4RS0 2 Na + 2H a O 

With Grignard Reagents. Under mild conditions (so that the initial 
cleavage products are not further attacked) both aliphatic and aromatic 
Grignard reagents give sulfinates and sulfides when they are allowed to 
react with thiolsulfonic esters. 365, 367 

RSO 2 SR + R'MgX -> RSOaMgX + R'SR 

Reduction. The common occurrence of sulfinic acids among the 
cleavage products of the reactions already discussed is indicative of the 
ease of reduction of thiolsulfonic esters. Metallic zinc, 344 , 368 zinc in the 
presence of acid, 344 , 345 ■ 368 and hydrogen sulfide 369 also cause reduction. 

> (RS0 2 ) 2 Zn + (RS) 2 Zn 

Zn 

RSO 2 SR — * RSOjH + RSH 

Zn + IIC1 

> RS0 2 H + RSH + S 

H2S 

The formation of the salt of a thiosulfonic acid from the reaction of the 
ester with potassium sulfide 370 need not be considered a type of reaction 
different from the others but may be due to the reaction of the salt of 
the sulfinic acid with sulfur. 

RSOaSR + K 2 S -> RSK + RS 0 2 K + S -► RSO 3 SK 
In the presence of potassium cyanide, 371 the thiosulfonatc is not formed. 

RS0 2 SR + Iv 2 S + KCN RSK + RSO z K + KCNS 

Other reagents which have been reported to reduce thiolsulfonic esters 
are hydrobromic and hydriodic acids 372 and sodium arsenite. 371 

3BB Pauly and Otto, Ber 11, 2073 (1878); Otto and Rossing, Ber ., 19, 1235 (1886); 
Zineke, A?m., 391, 55 (1912) ; Ann., 400, 1 (1913) ; Ann., 406, 103 (1914). See also Fromm 
and Erfurt, Ref. 355. 

357 Miller and Smiles, J. Cham. Sue., 127, 224 (1925). 

m Otto, Ber., 13, 1282 (1880) ; Pauly and Otto, Ber.. 10, 2181 (1877) ; Otto and Rossing, 
Ber., 20, 2079 (1887). 

369 Otto and Rossing, Ber., 20, 2090 (1887) ; Smytho and Forster, J . Chejn. Soc., 97, 1199 
(1910). 

3,0 Otto and Rossing, Ber., 19, 3129 (18SG). 

371 Gutman n, Ber., 47, 635 (1914). 

372 Fries and Schurmann, Bit., 47, 1195 (1914). See also Fromm, Ref. 357. 
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Oxidation. Oxidation of thiolsulfonic esters by permanganate in gla- 
cial acetic acid 344 gives sulfonic acids. a-Disulfones 365 are formed when 
hydrogen peroxide in acetic anhydride is used as an oxidizing agent. 


RS 0 2 SR 


KMnO* 


H 2 0 2 


■> 2RSO3H 

0 0 
t t 

— > RS — SR 

l i 
0 0 


With Active Methylene Compounds. The sodium derivatives of 
some enols undergo thioalkylation 373 ' 374 by the action of thiolsulfonic 
esters. The reaction may be illustrated with aeetylaeetone. 

0— Na 

1 

RSOjSR + CHjC=CHCOCIIj -> RSOsXa + CIIjCOCHCOCHj 

I 

SR 


A second thioalkyl group may be introduced. A variety of active methy- 
lene compounds, including disulfonylmethanes, have been subjected to 
this reaction. In some eases the reaction gives disulfides, 318 as would bo 
expected from the action of alkaline reagents upon thiolsulfonic esters. 
In these cases sodium carbonate or sodium acetate may be active enough 
to bring about reaction between the active methylene compound and 
the thiol esters. This reaction has been useful for the synthesis of many 
compounds 374 which cannot be obtained by other methods. 

With Phenols. The salts of simple phenols cause formation of di- 
sulfides from thiolsulfonic esters, in accord with the usual behavior of 
alkaline reagents. However, the dihydroxy and trihydroxybenzenes, 
naphthols, and hydroxy quinolines undergo thioalkylation, giving sul- 
fides. 373, 375 




+ 3RS0 2 II 


273 Brooker and Smiles, J. Chem. Soc., 1723 (1926). 

374 Chi vers and Smiles, ibid., 697 (1928) ; Gibson, ibid., 2637 (1931) ; ibid., 1819 (193J) , 
Cowin and Gibson, iidd., 306 (1933); 46 (1934); Gibson and Loudon, ibid., 487 (1937), 
Gibson, J. Am. Chcm. *S«c., 55, 2611 (1933) ; Gibson, J. Chem. Soc., 983 (1938). 

374 Stevenson and Smiles, J. Chem. Soc., 718 (1931). 
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Sulfonyl Interchange. Thiolsulfonates react with salts of sulfinic 
acids with an interchange of sulfonyl groups. 376 As shown below, the 
reaction does not always occur but depends upon the relative reactivities 
of the compounds involved. 

N0 2 N0 2 Cl 



Other Reactions. The salts of thiosulfonic acids are converted to 
thioanhydrides of sulfonic acids by the action of iodine, 377 These may 
also be regarded as oxidation products of polysulfidas, which they re- 
semble in their ease of interconversion. 



37fi fioudon and Livingston, ibid., 89(5 (1935). 
377 Otto and Troger, Scr., 24, 1125 (1891). 
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Although recent work is lacking on the structure of these products, 
comparison with the polysulfides (p. 864) suggests a linear arrangement 
in III of three sulfur atoms with all three completely coordinated 
(IV ). 

The nature of the action of phosphorus trichloride 346 with thioLsul- 
fonic esters has not been completely established. The condensations 
brought about by treatment with concentrated sulfuric acid 378 and the 
products obtained by thermal decomposition , 379 with and without acetic 
anhydride, have been investigated in detail. 


Structure of Thiolsulfonic Esters 

The foregoing discussion assumed the structure of the members of 
this series to be that of thiolsulfonic esters. They have also been regarded 
as mixed anhydrides (I) 375 and as symmetrical disulfoxides (II). 


0 

T 

R — S — 0 — S — R 


0 0 

T T 

R-S-S-R 

ii 


Measurements of the optical rotatory power of unsymmetrieal disulf- 
oxides 345 derived from camphor (Cam — S 2 O 2 — R) are interpreted as 
showing that when the two groups are different the tliiolsulfonate struc- 
ture is correct (Cam — SO 2 SCH 3 ) but that when they are similar the 
disulfoxide structure is correct (Cam — SO — SO — Cam). Results with 
the derivative from cystine 380 (p. 1132) are also interpreted on the basis 
of the disulfoxide structure. 

The usual reactions of this series can best be explained on the basis 
of the thiolsulfonic ester structure. Space does not permit a detailed 
discussion of the pertinent data, but a few points are worthy of men- 
tion. Isomeric products may be obtained 387 by the reaction of the ap- 
propriate sulfenyl chlorides with silver sulfinates. 



378 Hilditch, ./. Chan. S «c. t 99, 1091 (1911). 

378 Smythe, ibid., 121, 1400 (1922). 

^“Toennies and Lavine, J. Biol . Chem ., 113, 571, 583 (1930). 
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Br 

I 


Cl 


/ S0 2 S- 


Br 



M.p. 119® 


Cl 


These isomers have different chemical and physical properties. In reac- 
tions involving thioalkylation (e.g., of active methylene compounds) the 
ltS — group introduced is that originally present in the sulfcnyl chloride. 
No evidence of the introduction of different groups (from RSOSOR') is 
noted. These indications of an unsymmetrical structure * are also borne 
out 365 by the reaction with Grignard reagents. The anhydride structure 
seems unlikely in view of the formation of thiolsulfonic esters from sul- 

0 

T 

fonyl chlorides and iodides, in which the structure R — S — X is un- 

i 

questioned. 0 


XI. SULFINIC ACIDS AND THEIR DERIVATIVES 


General Characteristics 

There are relatively few references to aliphatic sulfinic acids, f and 
some of the fairly simple members of the series are unknown. The 
aliphatic sulfinic acids are thick oils which decompose rapidly and are 
generally isolated as zinc, barium, or other salts. The aromatic sulfinic 
acids, though apparently more stable than the aliphatic, decompose 
upon long standing (p. 906) and are slowly oxidized to sulfonic acids when 
exposed to air. They are weaker acids than the corresponding sulfonic 
acids and are less soluble in water. The free aromatic sulfinic acids may 
usually be obtained by acidifying aqueous solutions of their salts. The 

* The only other explanations would be (1) that the two products are diastereoisomers 
resulting from two asymmetric S atoms (p. 422), one isomer being formed preferentially 
by each method of synthesis, and (2) that they also react differently. While these condi- 
tions might be true in isolated cases, it seems unlikely that they could bo true quantita- 
tively in the large numbers of representatives of the series known. The behavior of the 
Grignard reagent (see Ref. 305) is additional evidence against these assumptions. 

t The sulfinic acids and the radicals derived from them are named analogously to 
the sulfonic acids (see footnote on p. 886). Thus: CjH&SOjH, ethanesulfinic acid; 

0 0 

T T 

CjHr- S— OC 2 Hs, ethyl ethanesulfinate; CHj-S— CHjCOOH, methylsulfinylacetic acid. 
Such names must be interpreted with caution when they are found in the early literature 
because of the custom of naming aulfonium compounds as sulfines (see footnote on p. 867). 
Furthermore, some compounds reported to be sulfinic esters are actually sulfones. 
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more soluble members of the series may be isolated as their salts; 881 the 
ferric salts arc especially satisfactory for this purpose and have been 
used for the quantitative determination of sulfinic acids. 

In the older literature 382 the structure of the sulfinic acids was a sub- 
ject of controversy. Some of the reactions mentioned below indicate 
the presence of an — OH group ; others can best be explained by assum- 
ing that the hydrogen is attached to sulfur. From the viewpoint of 
modern theories of structure, no question of this sort need be raised. 
Considering the sulfinate anion, both oxygen and sulfur have unshared 
electron pairs and either atom may be involved in reactions. 


: 0 : 

R:S:0: 

0 


11 + 


T 

The esters have the alkyl group attached to oxygen (RS — OR), as is 
shown by their resolution (p. 421). 


Methods of Preparation 

From Sulfonyl Chlorides. Reduction of sulfonyl chlorides by zinc 
dust in water gives zinc sulfinates, from which sodium sulfinates or free 
sulfinic acids may be obtained. 

, - W * iC °' > ZnCOj + RS0 2 Xft 

2RS0 2 C1 + 2Zn -+ ZnCl 2 + (RS0 2 ) 2 Zn- HX 

I > ZnX2 4" RSO 2 H 

It has already been mentioned that sulfhydryl compounds may be ob- 
tained from reduction of sulfonyl chlorides by zinc and acids; this is a 
side reaction in the preparation of sulfinates, but good yields of sulfinates 
are usually obtained. 383 This method has been widely used in the aroma- 
tic series. It is apparently satisfactory for aliphatic compounds, but 
aliphatic sulfonyl chlorides have not been readily obtainable until re- 
cently (p. 889). 

Of the other reducing agents used, sodium sulfite is probably the 
most satisfactory. 384 

ArSOaCl + Na 2 SO a + 2NaOH ArS0 2 Na + NaCl -f Na 2 S0 4 + H 2 0 

551 Thomas, J. Cham. Hoc., 95, 342 (1900) ; Krishna and Singh, J. Am . Cham. Soc., 50, 
792 (1928j; Mcuwsen and Gebhardt, Ber., 70, 792 (1937). 

m For example, Otto and Rossi ng, Ber., 25, 230 (1892). 

Hobson, Ann., 102 , 73 (1857); Ann., 106, 287 (1858); Whitmore and Hamilton, 
Org. Syntheses, Coll. Vol. I, p. 479 (1932). 

384 Smiles and Here, Org. Syntheses, Coll. Vol. I, p. 7 (1932). 
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In the section dealing with thiolsulfonic esters, reactions were noted in 
which sulfonyl halides were reduced to sulfinic acids (e.g. t the reaction 
of sulfonyl chlorides with mercaptans [p. 907]). Some of the reactions 
of aryl esters of sulfonic acids gave similar results (p. 895). These are 
not important from a preparative standpoint, however. 

From Diazonium Salts. A sulfinic acid is formed 381, 385 when an 
acidic solution of a diazonium salt is saturated with sulfur dioxide, using 
copper powder as a catalyst. 

ArN 2 +S0 4 H- + 2S0 2 + 2H*0 ArS0 2 H + N 2 + 2H 2 S0 4 

The yields are in some cases very good but appear to vary considerably 
with the structure of the diazonium compound. 

By the Friedel-Crafts Reaction. Aluminum chloride catalyzes the 
reaction of aromatic compounds with sulfur dioxide to give sulfinic 
acids. 386, 387 

ArH + SOj ArSOjH 

From Organometallic Compounds, Aliphatic, as well as aromatic, 
sulfinic acids may be prepared 244, 388 by the reaction of the Grignard 
reagent with sulfur dioxide. The yields are generally rather low. 

RMgX + Sf RS0 2 MgX 

X) 


Zinc alkyls behave similarly. 389 Tetraethyllead gives a sulfone and sul- 
finate. 389 

0 

T 

(C2H 6 ) 4 Pb + 3S0 2 -> C 2 H & — S-CA + (C 2 H 6 S0 2 ) 2 Pb 

1 

0 

386 Gattermann, Ber., 32, 1136 (1899) ; Ger. pat. 130,119 [Chem. Zentr I, 959 (1902)]; 
Troger and Hille, J. yrakt. Chem., [2] 68, 297 (1903) ; ibid., [2] 71, 207 (1905); Todd and 
Shrincr, Am. Chem . Soc ., 56, 1382 (1934) ; Hann, ibid., 57, 2166 (1935) ; Sylvester and 
Wynne, J. Chem. Soc., 691 (1936). 

386 Friedel and Crafts, Ann. cMtn . phys., [0] 14, 442 (1888) ; Smiles and LeRossignol, 
J. Chem. Soc., 93, 745 (1903) ; Knoevenagel and Kenner, Ber.. 41, 3315 (1908). 

387 Kriinzlein, ' ‘Aluminiumclilorid in der organischen Cheinie, ' \erlag Chemie, G.M. 
B.H., Berlin (1932), 2nd Edn. 

588 Rosenheim and Singer, Bit., 37, 2152 (1904). 

m Zuckschwerdt, Ber., 7, 292 (1874) ; Frnnkland and Lawrence, J. Chem. Soc., 35, 244 
(1879). 



916 


ORGANIC CHEMISTRY 


Sulfuryl chloride reacts with the Grignard reagent, 390 producing equiva- 
lent amounts of alkyl chloride and the sulfinic acid. 

2 RMgCl + S0 2 C1 2 -+ RS0 2 MgCl + RC1 + MgCl 2 

Alkyl chlorosulfites 391 react with the Grignard reagent to give alkyl 
esters of sulfinic acids (20-60 per cent). 

0 0 

T T 

R'MgCl + Cl— S— OR -> R-S-OR + MgCl* 

The formation of sulfinic acids from the reactions of organomclullio 
compounds with sulfonyl chlorides and with thiolsulfonic esters lias 
already been discussed (pp. 899, 909). These are not generally used as 
preparative methods. 

From Ethylene Disulfones. The cleavage of ethylene disulfoncs by 
potassium cyanide (p. 883) is an excellent method for the preparation 
of aliphatic sulfinates. 

BrCH-CHiBr H«Oj 

2 RSNa > RSCHjCHiSR — lJ -> RS0 2 CH 2 CH 2 S0 2 R 

! KCN 

2RSWv + CNCH 2 CH 2 CN 

Although the same sequence of reactions can be used to obtain aromatic 
sulfinates, these are usually more readily available by other methods, 
and this synthesis is important for the aliphatic scries only. 

Other Methods. Sodium ethanesulfinate has been obtained 392 by 
the action of dry oxygen at 100-120° upon sodium ethylmcrcaptide, but 
the sulfinic acids are so readily oxidized that the oxidation of mcrcap- 
tans is not a suitable method of preparation. 

Formation of Acid Derivatives. It has been shown (p. 874) that the 
reactions of salts of sulfinic acids with alkyl halides give sulfoncs, not. 
sulfinic esters. The esters * are formed, 393 however, by the action of 
ethyl chlorocarbonate on the salts. 

O 

T 

RSOiXa + CICOOCiH, -> R-S-OC 2 II 5 + C0 2 + NaCl 

399 Odtlo, (Jazz, c him. iial, 35, II, 130 (1905); Raiford and Hazlett, J. Am. Client. Soc- 
57, 2172 (1935). 

391 Carre and Liebermann, Com pi. rend., 200, 2086 (1935) ; Bull. soc. chim., [5) 2, 1700 
(1935). 

392 Claesson, J. pmkt. Chew., |2] 15, 222 (1S77). 

♦Although isomeric, the sulfonea and sulfinic esters differ considerably in their piop- 
ertics. For example, diethyl sulfonc melts at 70° and boils at 248° while ethyl ethane 
(julfinate is a liquid, b.p. 60° (16 mm.) 

393 Otto and Iiossing, J. prakt. C 'hem., [2] 47, 152 (1893). 
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Esters arc readily obtained 394 by the reaction of sulfinyl chlorides with 
alcohols in the presence of pyridine or potassium carbonate. 

0 0 

T t 

R— S — Cl + R'OH + C 5 H 5 N -> R— S— -OR' + C 5 H 5 N-HC1 

The sulfinyl chlorides arc best prepared 395 by the reaction of the sulfinic 
acids with thionyl cliloride in dry ether. 

0 

t 

RSO 2 II + SOCb -> R— S— Cl + S0 2 +.HC1 

Anhydrides are formed 396 by the action of phosphorus pentachloride, 
phosgene, or acetic acid-sulfuric acid on sulfinic acids. 

0 0 

T t 

RSO 2 II + PCI* RS— 0 — SR + POCb + 2HC1 

Sulfinamides may be prepared from the usual reaction of the acid 
chlorides with ammonia or amines . 397 


Reactions 


Oxidation. Sulfinic acids arc readily oxidized. They give sulfonic 
acids when treated with nitric acid , 398 hydrogen peroxide , 399 or potas- 
sium permanganate . 241 With permanganate in glacial acetic acid, 
a-disulfones are also formed (p. 884). 

hno 3 


RS0 2 H - 


-> rso 3 h 


KMnO« 


in CH3COOII 


0 0 

t T 

> RSO 3 H + R— S—S— R 

1 i 

0 0 


Sulfonyl halides are produced 398 * 400 by the action of chlorine, bromine, 
or iodine (p. 907) on the salts of sulfinic acids. 

RSOsNa + X 2 —> RSOaX + NaX 

394 Phillips, J. Chem. Soc., 127, 2553 (1925). 

S95 IIilditch and Smiles, Her., 41, 4113 (1908). 

396 Knocvcnagcl, Kenner, and Polaek, Her., 41, 3315, 3323 (190S); Otto, Ber ,, 20, 3337 
(1887). 

397 Heiduschka, J. vrakt. Chew., [2)81, 320 (1910); Hazlett and Raiford, Proc. Iowa 
Mad, Sci., 42, 120 (1935) [C. A., 30, 8185 (1936)]. 

398 Otto and Ostrop, Ann., 141, 370 (1867). 

359 See Hann, Ref. 3S5. 

400 Otto, Ann., 145, 322 (1868). 
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The reaction of salts of sulfinic acids with “positive” halogen compounds 
also gives sulfonyl halides (p. 875), but under the conditions of the reac- 
tions the latter are usually converted to either sulfonic acids or disulfones. 

With Diazonium Salts. Sulfinic acids react with diazonium salts, 401 
giving diazosulfones which may be decomposed to sulfones by heating. 

[ArX s ]+X- + RS0 2 H -> ArN=XS0 2 R --> ArS0 2 R + N 2 


With Aldehydes. Crystalline addition products are obtained from 
the reaction 402 ’ 403 of aldehydes with sulfinic acids. The products from 
aliphatic aldehydes are somewhat dissociated in solution but those from 
aromatic aldehydes are more stable. 


0 

!| 

R— C— H + RSOoTI 


OH 0 

I T 

R— CII— S— R 

1 

0 


With a, p Unsaturated Ketones, Acids, etc. Sulfinic acids add, pre- 
sumably by 1,4-addition, to conjugated systems such as chalccmcs, 403 
cinnamic acid, 403 and quinones. 404 


0 


on 

! 


o 


C 6 H 5 CII=CIICC 6 H 5 + RSO.II CJI 5 CIT — CTI— CCelU - CJbCIICIRCOcIb 


o=c 



SO,R 


80, R 

CII— CII 

C!I= 

=CII 


c- 

/ 

/ 

- O + RSOvII — > 0=C 

\ 

\ 

c 


CH=CH 

CH 

1 

CH 

1 

80, R 


on 


SO, 11 


Replacement by Metals. The reaction of aromatic sulfinic acids 
with mercuric chloride (or acetate) results in the elimination of the 
— S0 2 H group. 405 This has been especially useful for obtaining aromatic 
mercurials of known orientation. 


ArS0 2 H + HgCls ArllgCl + S0 2 + HC1 

4{ » Krinigs, Bcr., 10, 1531 (1877;; Hauer, Ann., 229, 353 flSS5> ; T.impricht, Her., 18, 
1468a (1885; ; v. Meyer, J. f /rakt. Chcm [L’| 56, 273 (1897) ; Hantzsch, Her., 31, 030 (180KJ ; 
Troeger and Ewers, J. j/rakt. Chcm., [iij 62, 369 (1900). 

«* v. Meyer, J. prakt . Chcm., [2] 63, 167 (1901J. 

403 Kohler and lteirner. Am. Chcm. J., 31, 163 (190-1). 

404 Hinsberg, Tier., 27, 3259 (1894) ; Bcr., 28, 1315 (1895) ; TIins!>erg and Himmelschcm, 
Bcr., 29, 2024 (1896). 

405 Peters, Ber., 38, 2567 (1905); Kharaseh and Ohalklcy, ./. Am. Chcm. Kofi.. 43, Ml 
(1921) ; Whitmore, Hamilton, and Thurman, ib'uL, 46, lOIjO (1923) ; Coffey, J. Chcm. *SW-, 
637 (1920). 
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Camphor- 10-sulfinic add 406 gives a similar reaction, with arsenic tri- 
chloride. 

RS0 2 H + AsCU -> RAsCh + S0 2 + IIC1 


Other Reactions. Sulfonyl interchange from the reaction of salts of 
sulfinic acids with thiolsulfonic esters and with certain sulfones has 
already been mentioned (pp. 911, 879). a-Disulfones are formed (p. 884) 
by the reaction of the salts with sulfonyl chlorides. The sulfinic acids 
are especially useful in preparing sulfones (p. 874). The disproportiona- 
tion of free sulfinic acids (p. 906) to give sulfonic acids and thiolsulfonic 
esters and the reaction of the acids with phenylhydrazine (p. 906) have 
been noted. Sulfinic acids also react with hydroxylamine, 407 with ni- 
trous acid, 408 and with nitroso compounds. 409 


Important Sulfinic Acids 

The reaction of zinc dithionitc (zinc hyposulfitc) with formaldehyde, 
followed by treatment with sodium carbonate, gives sodium formal- 
dehydesulfoxylate (also called “Rongalite C “Sulfoxite C,” and “For- 
mopon”). The last is used as a reducing agent in vat dyeing and as a 
reagent for the introduction (upon nitrogen) of the — CHaSC^Na group. 
Since that is a solubilizing group and is readily split off in the body, 
many medicinals are administered as their sulfoxylate derivatives; for 
example, neosalvarsan (iieoarsphenamine), which is used in the treatment 
of syphilis, is much more soluble than salvarsan. 


HO- 


ZnSjO, CH -> (HOCHsSOOsZn HOClIjSOsXa 

Sodium 



408 Loudon, J. Chcm. Soc 391 (1937). 

407 Whalen and Jones, J. Am. Chcm. Soc., 47, 1353 (19-5). 

408 Koenigs, Bcr ., 11, 615 (1878). 

409 Bamberger and Rising, Ber„ 34, 228, 241 (1901). 
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XII. DERIVATIVES OF SUIFENIC ACIDS 
General Characteristics 

Reactions from which sulfonic acids (R — S — OH) might be expected 
generally produce disulfides and thiolsulfonic esters.* However, the cor- 
responding acid chlorides (R — S — Cl), amides (R— S— NH 2 ), esters 
(R — S — OR), and anhydrides (R — S — 0 — S — R) are known. Since sul- 
fenyl halides are generally precursors of the others, it is convenient to 
study the entire class of derivatives of sulfonic acids by considering the 
methods of preparation and reactions of the halides. 

The members of this series, as will be shown below, are more readily 
hydrolyzed than derivatives of sulfonic acids or sulfinic acids. The 
sulfenyl chlorides are extremely reactive. Only three aliphatic sulfenyl 
halides (C1 3 CSX, (C 6 H 5 ) 3 CSX, and (CH 3 ) 3 CSX) are known ; 160 none of 
these has hydrogen on the carbon atom which is attached to sulfur. 
The simple aromatic sulfenyl halides (CeHsSCi, CH 3 C 5 H 4 SCI, etc.) re- 
act with moisture of the air and decompose rapidly; they are usually 
prepared immediately before use. Others (such as p-chloro-e>-nitro- 
phenylsulfenyl chloride) are more stable and may be stored for some 
time before appreciable decomposition occurs. 

Preparation of Sulfenyl Halides 

From Disulfides. Sulfenyl chlorides 149 and bromides 150 are prob- 
ably most conveniently prepared by treatment of the disulfide with 
halogen under anhydrous conditions at low r temperatures. 

Ar— S-S— Ar + X 2 -» 2 ArSX 

Aliphatic disulfides undergo chain halogenation 150 in preference to 
cleavage of the disulfide link; CI 3 CSCI and (CcH-OaOSC! are the only 
aliphatic sulfenyl chlorides which have been prepared by this method. 
Even tertiary butyl disulfide undergoes chain halogenation under these 
conditions. 

From Mercaptans. Under anhydrous conditions thiophenols react 415 
with chlorine or bromine to give sulfenyl halides. In view of the ease 
of formation of disulfides from sulfhydryl compounds (p. 851), the 
former may be intermediates in this reaction. 

2ArSII — > ArSRAr — > 2ArSCI 

* Apparently the only known acid of this series is a-anthniquinonesulfcnic acid: I ( nes, 
Ber.< 45, 2965 (1912); Fries and ftchurmann, Her., 62, 2182 (1919). 

4,0 Zincke, Her., 44, 769 (1911). 
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Although the usual product from the reaction of a mercaptide with iodine 
is a disulfide (p. 861), the mercury salt of tertiary butyl mercaptan gives 
a sulfenyl iodide. 411 

((CH 3 ) 3 CS) 2 Hg + I 2 2(CH 3 ) 3 CSI + Hgl 2 

Sulfenyl thiocyanates, which may be prepared by the reaction of 
thiocyanogen 412 with mercaptans, react similarly 412 to the chlorides. 
Both aliphatic and aromatic sulfenyl thiocyanates have been prepared. 

RSH RSSCN + HSCN 

Reactions 

Hydrolysis. Sulfenic anhydrides may be obtained 347 ’ 413 as initial 
products of the hydrolysis of sulfenyl chlorides. If the reaction is carried 
to completion in the presence of excess alkali the anhydrides are con- 
verted to disulfides and thiolsulfonic esters; the latter (cf. p. 909) are 
finally converted to disulfides and sulfinic acids. It is probable 347 that 
sulfenic acids are intermediates in the hydrolysis both of sulfenyl chlo- 
rides and of thiolsulfonic esters. 

ArSCl Ar-S-OH Ar-S-O-S-Ar 

NaOII 

0 

t 

4Ar— S-OH > ArS-SAr + ArSSAi + 2H,0 

I 


I NaOH 

Ar— S— SAr > ArS0 2 Na + Ar— S— OH 

1 

0 

3 ArSCl + 4NaOH > ArS0 2 Na + ArSSAr + 3NaCl + 2H 2 0 

The decomposition of sulfenyl chlorides in moist air or in boiling acetic 
acid 413 gives disulfides and thiolsulfonic esters. 

0 

T 

4ArSCl -^4 Ar— S— SR + ArSSAr + 4HC1 

I 

0 

411 Tthcinboldt, Rev. brasil. chim. Sao Paulo, 4, 169 (1937) [C. A., 32, 484 (1938)]. 

412 Lecher and Wittwer, Her., 66, 1474 (1922) ; lecher and Simon, Ber., 54, 632 (1921). 

413 Zincke and Eismayer, Ber., 61, 751 (1918). 
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The hydrolysis of sulfenic esters gives analogous results; by alkaline 
hydrolysis in aqueous solution 412 disulfides and sulfinic acids are formed; 
acetic acid 414 produces disulfides and Ihiolsulfonic esters. 

With Alcohols and Phenols. Sulfenyl chlorides react with alco- 
hols 347 at room temperature to give disulfides and thiolsulfonic esters; 
at higher temperatures disulfides and sulfinic acids are produced. With 
phenols, nuclear substitution occurs. 415 

ArSCl 4- C 6 H 5 OH -* ArSC c H 4 OH 

Sodium alkoxides 411 and phenoxides 416 may react with sulfenyl 
chlorides or sulfenyl thiocyanates 412 to produce sulfenyl esters. 

ArSCl + XaOAr -> XaCl + Ar-S-OAr 
RSSCX + XaOR. -> R— S— OR + NaSCN 

It may be noted that the reaction of alkyl hypochlorites with mcreap- 
t ides does not give sulfenic esters; disulfides are produced. 

2RSXa + R'OCl -v RSSR + R'OXa + XaCl 

Formation of Sulfenamides. Sulfenyl halides react with ammonia, 413 
primary amines, and secondary amines 417 ' 418 to give sulfenamides. 

ArSCl + 2R 2 XH ArSXR 2 4- R 2 XH-HC1 


When the reaction is carried out in ether the hydrochloride of the sulfen- 
amide is obtained. The hydrochlorides and the free sulfenamides have 
been used 417 as solid derivatives of amines. The original amine is readily 
recovered 417 from the amide. 

HCI 

ArSXR 2 — > ArSCl + R 2 XIEHC1 

In ether (95-9!)%) 

Sulfenanilides undergo rearrangement 4,8 to sulfides when heated. If 
alcoholic alkali is used the rearrangement gives a diaryl amine. 



NaOH 


414 Fries and Schiirmann, Her., 52, 2182 (1919). 


,s-c 6 h 4 xii 2 

m 

/xitcjgsii 

'N0 2 


(0 or p ) 

(o) 


415 Foss, Stchle, Shusett, and 1 1 ad burg, J . Am, Chem. Hoc., 60, 2729 (1938). 
418 Learmrmth and Smiles, J. Chem. Hoc., 327 (1936). 

417 Billman and O’Mahoney, J. Am. Chem. Hoc., 61, 2340 (1939). 

418 Moore and Johnson, ibid., 67, 1517 (1935) ; ibid., 68, 1091, 19G0 (193G). 
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With Active Methylene Compounds. Good yields of substitution 
products may sometimes be obtained by the reaction of sulfenyl chlo- 
rides with active methylene compounds. 413, 419 

0 0 0 0 

II II I' II 

CH 3 CCH 2 COC 2 H 5 + ArSCl > HC1 + ClbCCIICOCA 

SAr 


The reaction docs not always proceed smoothly; sometimes disulfides 
or tars arc formed. However, acetophenone and acetone, which are 
generally considered to be rather unreactive methylene compounds, re- 
act satisfactorily. The same product is formed from the copper salt of 
acctoacctic ester 419 as from the ester. 

Other Reactions. Sulfenyl halides appear to be able to add to the 
olefmic double bond (p. 856). Disulfides are formed by the reactions of 
sulfenyl halides with metals, 411 sulfhydryl compounds, 411 or potassium 
hydrosulfide. 420 


ArSCl 


iig 


-> ArSSAr 


-> ArSSR 


KSH , ArSCl 

> ArSSH > 


ArSSAr + HC1 + S 


Thiocyanates arc formed 413 by the action of potassium cyanide. 

ArSCl + KCN KC1 + ArSCN 

The use of sulfenyl halides in the synthesis of Ihiolsulfonio esters has 
already been discussed (p. 906). 


XIII. THIOALDEHYDES AND THIOKETONES* 


General Characteristics 


One of the most outstanding differences between carbonyl compounds 
and their thio analogs is the tendency of the thio compounds to undergo 
polymerization. Thioketones, in contrast to ketones, readily form 
dimers 121 and cyclic trimers; the isolation of monomers is often difficult. 
The thioaldehydes polymerize still more readily than the thioketones; 


419 Zincke and Baeumer, Ann., 416, 80 (1918). 

410 Duughcrty and Haas, J. Am. Chcm. Sue., 59, 2469 (1987). 

’Schiinberg, "Thiokolone, Thioacetalo and Aothytal sulfide, Ahrm, Summing 
L'lmnixcher undchemisch-tcclinisekcr YvrtrSg r, Ncuc Folgc. Heft 19,l'.nkc, . u Z al _ ' • 

«* Kretov and Komissarov, J. Cm. Chcm. (U.S.S.R.), 5, 3S8 (1935) [C. A.. 29, 0.07 


(1935)]. 
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monomeric thioformaldehyde and thioacet aldehyde have not been ob- 
tained except (possibly) in solution. The compounds (e.g., 9-thio- 
phcnanthraldehyde 422 ) of high molecular weight may be obtained as 
monomers. 

Although the /C==0 group is not a chromophore unless it is con- 
jugated with another unsaturated group, the un conjugated group 

is a potent chromophore. The monomeric thioaldehydes and thiokc- 
tones are blue, their polymers colorless. 

The monomeric thioaldehydes and thioketones of low molecular 
weight have very disagreeable odors.* 

Thioacetals have been discussed earlier (p. 849). 


Preparation 

Aldehydes and Ketones with Hydrogen Sulfide. Aldehydes react 
with hydrogen sulfide in the absence of a catalyst, 423 but results are 
generally more satisfactory if acid or zinc chloride is used. These 
catalysts arc necessary 423 for the reaction of ketones with hydrogen 
sulfide. Aliphatic 423 and aromatic 424 aldehydes, dialkyl ketones, 4 '- 3,425 
aryl alkyl ketones, 423 and diaryl ketones 426 all undergo this reaction. 

/ s \ 

P. 2 >C C<Rj 

I I 

s s 

\/ 

/\ 

Rl 


>C=0 + 3H 2 S — — * >C=S 

W ZnCb \IV 


Sodium thiosulfate may be used in place of hydrogen sulfide in this re- 
action. 427 Both the cis and trans forms of trithioaldchydcs (three hydro- 
gens on the same side of the plane of the ring or two hydrogens and an 
alkyl group on the same side) may be isolated. 424, 428 The lower-melting 

422 Wood and Bost, J. Am. Chcm. Soc 59, 1721 (1937). 

* Thioisobutyraldchyde [Pfeiffer, Bcr 5, 099 (1872)] is said to have an “abominable 
alliaceous odor” and thioisovaloraldchydc [Schroeder, Bcr., 4, 400 (1S71)] to have an 
“offensive and persistent odor.” Monomeric thioacetonc [Fromtn and Baumann, Bur., 
22, 1035 (1889)] “has an offensive nauseating odor, much worse than that of other volatile 
sulfur compounds"; its preparation “caused disturbances in the neighboring streets m 
Freiburg arid precipitated a storm of protests” and “extremely minute amounts make 
millions of cubic meters of air repulsive.” 

423 Baumann and Fromm, Ber., 28. 895 (1895b 

424 Baurnann and Fromin, Ber 24, 1421, 3591 (1891). 

424 Fromm and Baumann, Ber., 22, 1035, 2595 (1889) ; Peters, Bcr., 40. 1480 (1907). 

424 Bost and Cosby, J . Am. Chcm . Sac., 57, 1404 (1935). 

<2J Vanino, /. prakt. Chcm., 77, 367 # (1908) ; Bcr., 36, 3251 (1902). 

4M Fromm, Bar., 32, 2650 (1899) ; Muller and Schiller, J. prakt. C 'hem., 116, 175 (19-0 * 
Fromm and Soffncr, Ber., 57, 371 (1924) ; Fromm and Schultis, Bcr., 56, 937 (1923). 
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form is converted to the higher-melting isomer by small amounts of 
iodides, 420 

The reaction of formaldehyde with hydrogen sulfide has been 
studied m ' 430 by a number of investigators. M ethylation of the reaction 
mixture gives CH 2 (SCH 3 ) 2 and CH3SCH2SCH2SCH3 (showing the 
presence of CH2(SH)2 and HSCII 2 SCH 2 SH), and treatment with iodine 
gives a cyclic disulfide, CH 2 — S — CH 2 — S — CH 2 — S - S, derived from 

I I 

HSCH 2 SCH 2 SCH 2 SH. It has, therefore, been suggested that the re- 
action occurs by addition to the carbonyl group. 


7 sh 

h 2 c=o + h 2 s ^ H 2 C< H 2 0 + H 2 C— s 

\)H f I 

1I3S 


etc. ^ HSCH 2 SCH 2 SH : > H 2 C< 


/SH 


V SH 


Hexamethylenetetramine 424, 431 reacts with hydrogen sulfide, giving 
a polymer, (CH 2 S)j*, which is probably analogous to poly oxy methylene 
in structure. The thioaldine thiocyanate obtained from acetaldehyde 
ammonia is converted 429 to thioacetaldehyde by heating in aqueous 
solution. 

CH 3 

? H yS-CHs^ 

(CH 3 CHNH 2 ) 3 CH 3 CII NHHCNS — — ► (CH 3 CHS ) 3 

Ns-CH 7 

ch 3 

It is sometimes advantageous to use a derivative (such as the 2,4-dini- 
trophenylhydrazone) of the aldehyde or ketone in the synthesis of the 
thio analog by the reaction with hydrogen sulfide. 

RCH=NNHC 6 H 3 (N0 2 )2 - H -^— > RCHS + (OaN^CeHsNHNHa-IHSCh 

(H2SO4) 

419 Marckwald, Bcr., 19, 1826, 2378 (1886); Bcr., 20, 2817 (1887); Suyver, Rec. trav. 
c him., 24, 377 (1905) ; Klinger, Bcr., 10, 1S77 (1877) ; Mann and Pope, /. Chem. Soc 123, 
U78 (1923). 

430 Klinger, Bcr., 9, 1893 (1876) ; Bcr., 11, 1023 (1878) ; Ber., 32, 2195 (1899) ; Baumann, 
Ber., 23, 62, 1869 (1890); Drugman and Stockiugs, Proc. Chcm. Soc., 20, 115 (1904); 
Pratesi, Gazz. c him. ital., 14, 139 (1885); Vauino, Bcr., 35, 3251 (1902). 

431 Wohl, Bcr., 19, 2344 (1886). 
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The reactions of polyfunctional carbonyl compounds with hydrogen 
sulfide are sometimes different from the simple members of the series; 
for example, thiophenes have been obtained 432 from 1,4-diketones. 

From Methylene Halides and Metal Sulfides. Compounds with two 
halogens attached to the same carbon atom may be; converted to.thio- 
aldehydes or thioke tones by the action 433 of sodium (or potassium) 
hydrosulfides or sulfides. 

(C 6 H 5 ) 2 CC1 2 + 2KSH -» (C 6 Hb)aC-S + 2KC1 + II 2 S 

(Moiiommr) 

3C 6 H b CHCl 2 + 3Xa,S -» (CgH & CIIS ) 3 + GXaCl 

In preparing thioaldehydes by this method 434 the Cannizzaro reaction 
(see below) is responsible for the formation of by-products. 

From Ketones and Phosphorus Pentasulfide. Most of the products 
obtained 421 • 43 * from the reaction of ketones with phosphorus pentasul- 
fide are dimeric but a few arc monomeric. 

R,C=0 R 2 C=S 

When 1,4-diketones are used thiophenes are formed. 436 

ch 2 -cii 2 cii — cir 

CH 3 — 6 C— CH* Clh-C C—CIU 

1 ! '«/ 

0 0 

Other Methods. It has been noted (p. 862) that disulfides arc pro- 
duced by the reaction of ketones with ammonium hydrosulfidc ; the 
reaction is a complex one, 4 * 7 however, and it appears that thiokeUmes 
are intermediates. Methylene halides react 438 with thioacetic acid or 
its salts to give thioketones. 

Ar 2 CCl 2 + CHaCOSII Ar 2 C— 8 + CIbCOCI + HC1 

a,a-l)ichlorodiethyl sulfide is converted to tri I hioacct aldehyde by the 
action of silver sulfide, silver oxide, hydrogen sulfide, or sodium hy- 

432 Mitra, ./. Indian Cham . Hoc., 15, 59 (1938j [C. A., 32, 49<S 2 (1938)]. 

433 Behr, Bit., 5, 970 (1872;; Klinger, Ber. t 15, 801 (1882); Gattermann and Schulze, 
liar., 29, 2944 (1890;; Staudinger and Freudenfoergor, Or#, Synthesis, 11, 94 (1931). 

434 Wood and Boat, J. Am. Chcm. Hoc., 59, 1011 (1937). 

435 Spring, Bull. hoc. chi/n., [2] 40, GO (1888). 

435 Paal, Bar., 18, 307, 2251 (1885). 

437 Willegerodt, Bar., 20, 2407 (1887); Baumann and Fromm, Bar., 28, 907 (1S9->J , 
Manchot and Kriache, Ann., 337, 170 (1904); Fromm and Holler, Her., 40, 2978 (1907). 

438 Spring, Ber., 14, 758 (1881) ; Schonterg, Snhtttz, and Nickel, Bar.. 61, 1375 (19- SJ; 
Kitamura, J. Pharm . Hoc. Japan, 57, 893 (1937) [C. A., 32, 1080 (1938)J. 
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dioxide . 4119 Thioacrolein is formed 440 by heating glycerol with sulfur at 
175-200° under slightly elevated pressures. Diarylthioketoncs may be 
prepared 441 by the Friedel-Crafts reaction, using thiophosgene. 

S S 

AIC1 3 II 

2 ArH + Cl-C-Cl > ArCAr + 2HC1 


Reactions 


Oxidation. Oxidation of the cyclic trimers may be carried out in 
the same way as the oxidation of ordinary sulfides (p. 874). The cyclic 
trisulf ones 442 obtained from trithioaldehydes in this way form salts 
when treated with sodium cthoxidc, may be alkylated, and have the 
general properties of methylene disulfones (p. 881). 


CII 3 CII 3 

1 1 

S-CH SOj-CH 

/ \ KMnOj / \ 

CH 3 CH S 4 CTI 3 CII S0 2 


S-CH 

I 

CII3 


S0 2 -Cli 

I 

CH 3 


It is interesting to note that, while the cis and trans isomers of the tri- 
thioaldchydes might be expected to give cis and trans sulfoncs, only one 
trisulf one may be obtained. This may be attributed to the labilizing 
influence of the sulfonc group upon hydrogen, allowing the formation of 

/ ch 3 ' ch 3 

an anion \— SO 2 CHSO 2 — ^ H‘ h + _ — SO 2 CSO 2 — _ 
ily change from one geometric form to the other. 

The trisulfoxide from trithioformaldehyde may be obtained 443 in 
both cis and trans forms (p. 484). 

Though most of the monomeric thioketones are converted 420 ’ 438 to 
ketones by the action of hydrogen peroxide, some of the complex ones 
fail to react. Oxidation of trithioformaldehyde by aqueous chlorine 
has been discussed elsewhere (p. 858). 


/ which may read- 


439 Mann and Pope, J. Chew . Soc., 123, 1178 (1923). 

440 DcUon, U. S. pat 2.007,261 [C. A., 31, 1555 (1937)]. 

441 GaUermann, Bcr., 28, 2809 (1895). 

442 Baumann and Fromm, Bcr 22, 2606 (1SS9) ; Baumann and Camps, Bar., 23, 69, 
J S74 (1890) ; Camps, Ba., 25, 234, 248 (1892) ; Baumann, Ber., 26, 2074 (1893) ; Lommitss, 
B ?r-. 27, 1667 (1894) ; Peters, Bcr., 38, 2560 (1905). 

443 Hinsberg, J. prakt. Chcm [2] 85, 337 (1912) ; ibid., 142, 135 (1935). See also the 
reference on p. 484. 
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Pyrolysis. Olefins and thiophene derivatives are formed 444 by heat- 
ing thioaldehydes or thioketones. For example, stilbene 426 or thiones- 
sal 444 (tetraphenylthiophenc) may be obtained from trithiobenzaldo- 
hydc. 

150 ° 

2(C 6 H 5 CHS) 3 — > CS + 3C 6 H & CH=CHC 6 H 5 
200 o CcIIbC CC 6 H 6 

2C c H 5 CH=CHC 6 H 6 + 3S — > II II + 2H 2 S 

c 6 h 5 c CC 6 H b 



With Alkyl Iodides. Thioaldehydes and thioketones react 445 with 
alkyl iodides (less readily, with alkyl bromides), forming sulfoniuin 
salts. 

100 ° 

(CH 2 S) 3 + 3CH*I + 12CH 3 OH - — > 3((CH 3 ) 3 S] + I" + 3CH 2 (OCH 3 ) 2 + GII 2 0 

The products appear to be those which might be expected by assuming 
that the trithioaldehyde behaves like an ordinary sulfide, giving a sul- 
fonium salt which undergoes alkyl interchange according to the reac- 
tion already noted (p. 8G8). 

With Salts of Heavy Metals. The monomeric, dimeric, and trimeric 
thioaldehydes and thioketones resemble the sulfides (p. 858) in their 
ability 421, 426 to form addition products with the salts of heavy metals 
such as mercury, platinum, and silver. Both geometric isomers of tri- 
thioacetaldehyde, for example, give salts with silver nitrate with the 
composition (CH 3 CHS) 3 -AgN0 3 and (CH 3 CHS) 3 -3AgN0 3 . 

Other Reactions. Thioketones are hydrolyzed 426 to ketones by heat- 
ing with dilute alkali. 

r 2 C=S + 2XaOH -> R 2 C=0 + Na 2 S + H 2 0 

The isolation 434 of benzyl dithiobenzoate, dithiobenzoic acid, and 
benzyl mercaptan from the reaction of benzal chloride with sodium sul- 
fide shows that thioaldehydes of the aromatic series may undergo auto- 
oxidation-reduction in the same way as their oxygen analogs. 

S S 

II II 

C«H 6 CHC1 2 N - -> [CeHjCHS] -» C 6 HjC— SCH 2 C 6 H 5 -> C«H 6 — C-SH 

+ 

C c H 5 CH(SCH 2 C e H 5 ) 2 CJIsCH^H 

or C6HbCHU2 

444 Kopp, Bcr., 25, 600 (1892) ; Ann., 277, 339 (1893) ; Baumarm and Klett, Iter., 24, 

3307 (1891). Sec also Behr, Ref. 433, and Baumann and Fromm, Ref. 424. ^ 

445 Hcychler, Bull. hoc. chim., [3] 33, 1226 (1905) ; Platanov and Anismov, J. (ten, them- 
( U.S.S.R. ), 5, 622 (1935) [C. A., 29, 7277 (1935)]. 
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Thioketones react with carbonyl reagents; thiobenzophcnone, for ex- 
ample , 433 gives benzophenoneoxime when treated with hydroxylamine. 
( 3 -Thioketonic esters, prepared 446 by reaction of a /3-keto ester with hy- 
drogen sulfide, form sodio derivatives but upon treatment with an alkyl 
halide undergo alkylation on sulfur, rather than on carbon as is usual 
with their oxygen analogs. 


S 0 

II II 

CH 3 CCH 2 COC 2 H 6 


SNa 0 

CII 3 C=CHCOC 2 H 6 


SR. 0 

RX I II 

— > CH 3 C=CHCOC 2 II & 


T rithiof ormaldchyde is cleaved 439 by treatment with sulfur chloride. 


(CH 2 S ) 3 + S 2 C1 2 -> CICH 2 SCH 2 CI 


Anils are formed 447 by the reaction of thioketones with azides. 
(C 6 H a )20=S + C 6 H 5 N 3 (C 6 H 5 ) 2 C=NC 6 H 5 + N*+S 

CftHi — C 6 H 4 + C 6 H 5 SO 2 N 3 — > CeH 4 — CeHi 

II II 

s nso 2 c 6 h 5 


XIV. THIO ACIDS AND THEIR DERIVATIVES 
General Characteristics 

The monothio analogs of the carboxylic acids exist in only one form. 
By analogy with the carboxylic acids, their structure may be a resonance 
hybrid of the thiol and thion structures. 


:s. 

I - " 

;V: 

R:c; . 

H 4 <=» 

R:c: * 

:o: 


:b: 


In most of the reactions of tliio acids and their salts the result is that 
expected from the presence of a — SH group, and there are arguments 448 
for considering this the favored structure. 

The acids have disagreeable odors and are slowiy decomposed upon 
exposure to air. Thioformic acid is not stable but loses hydrogen sul- 
fide and forms an amorphous solid mass . 449 Thio acids are less associated 

448 Mitra, J. Indian Chcm. Soc., 15, 31 (1038) [(*. .4., 32, 4945 (1938)]. 

417 Schonberg and Urban, J. Chcm. Soc., 530 (1935). 

m Bloch, Compt. rend., 206, 679 (1938). 

149 Anger, ibid., 139, 798 (1904). 
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(compare ROH and RSH, p. 840), and the lower members of the series 
have lower boiling points than the carboxylic acids. 

The alkali metal salts of the thio acids arc crystalline, water-soluble 
compounds, but the heavy metal salts arc generally insoluble in water 
and decompose rapidly 450 with precipitation of the metal sulfide. 

Very few aliphatic ditliio acids (RCS 2 H) are known, but several of 
the aromatic series have been prepared. They oxidize readily and are 
extremely difficult to handle. 


,0 


Thiol esters ( R — ] , thion esters ( R — C 


V SR, 


< 


OR, 


, and ditliio os- 




tens R-Cf are known. Some thion and thiol esters may be inter- 
' X SR/ 


converted by heating . 451 The thion esters of low molecular weight arc 
oxyluminescent. 

The prefixes thiol and thion are used only in the nomenclature of the 
esters, since the only possible thioamidos and thio acid chlorides are those 
corresponding to the thion esters; those corresponding to the thiol esters 
are the same as the amides and acid chlorides of carboxylic acids. 

The thio derivatives of carbonic acids may have distinctive structures 


and reactions and will therefore be discussed separately in the conclud- 
ing portion of this chapter. 


Preparation 


Preparation of Thio Acids. A good yield of thioacetic acid is ob- 
tained 45 ‘ by passing hydrogen sulfide into a mixture of acetic anhydride 
and acetyl chloride. 

on con 

(CII 3 C0) 2 0 + H 2 S — > CHaCOSII + CII 3 COOH 


Aromatic acid chlorides react with aqueous potassium hydrosulfide 4j3 
or sulfide 454 to give thio acids, but aliphatic acid chlorides are too readily 
hydrolyzed to give satisfactory results. 


0 

|| 

ArCCl + K 2 S -> ArCOSK + KC1 

,60 Tanigi, Gazz. ckim. ital., 27, II, 153 (1897). 

451 Wheeler and Barnes, Am. ('hern. ,/., 22, 141 (1899) ; ibid., 24, 00 (1900) ; Selionberg 
et al., Her., 63, 178 (1930); Karjala and McEivain, J. Am. Chcm. Sec.. 55, 2900 (1933) ; 
Sch On berg et al., Ber., 64, 1390, 2582 (1931); Ber., 65, 289 (1932); Ann., 483, 107 (1930). 

452 Clarke and Hartman, J. Am. Cham. Soc., 46, 1731 (1924). 

453 Jaequemm and Vossclmann, Compt. rend., 49, 371 (1859) ; Auger and Biley, ibid., 
136, 555 (1903). 

434 C'loez, Ann., 115, 27 (1800). See also Klinger, Hof. 433. 
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Thio acids have also been obtained from the reaction of carboxylic acids 
with phosphorus pentasulfide 455 and from the reaction of carbon oxysul- 
fide with the Grignard reagent 466 

R-COjH R-COSH 

aO y.O H + 

RMgX + Cf -> R-Cf — > RCOSII 

x SMgX 

They have also been prepared 457 from dithio acids by formation of thio 
acid chlorides, followed by hydrolysis. 

S 

S0C1 2 H „ H0H 

RCSjTI 4 R-C-Cl > RCOSH + HC1 

Preparation of Dithio Acids. Probably the most common method of 
preparation of dithio acids is the reaction 457, 468 of a Grignard reagent 
with carbon disulfide. 

/fa /fa H + /fa 

RMgX + Cf -+ R— Cf — > RCf 

x SMgX X SIT 

Aldehydes are converted 459 to dithio acids by treatment with am- 
monium poly sulfide. 

0 

ii /> 

R-C-H + (NH,)jSi -» RCf + NII 4 OH 

Dithiobenzoic add 460 is readily obtained by the reaction of benzo- 
trichloride with potassium sulfide. 

C 6 H 6 CC1 3 + 2KsS -> 3KCI + CoHsc/ ---> C 6 H 6 CSjH 

'SK 


m Kekule, Ann., 90, 309 (1854) ; SchifT, Bcr., 28, 1204 (1895). 
m Weigert, Her., 36, 1007 (1903). 

457 Bloch, Compl. rend., 204, 1342 (1937). 

458 Houben and Schulze, Her., 43, 2481 (1910); Ber., 44, 32,15 (1911). 

159 Bruni and Lovi, AM, a caul. Lined, 32, i, 5 (1923) [C. -4., 18, 2693 (1924)] ; Bloch, 
Rohn, and Buggc, J. praki. Chcm., 82, 473 (1910). 

_ 460 Standi nger and Siegwart, Helv. Chim. Acta, 3, 824 (1920). For a similar reaction 
Using chloroform, see NicoL, Proc, Roy. Soc. Edinburgh, 10, 425 (1882) ; J. Chen. Soc.. 42, 
^ (1882); Del in out, J. pharm. chim., [5] 24, 425 (1892); J. Chcm. Soc., 62, 421 (1892); 
b>vi, Atti accad. Lined , [6] 9, 170 (1929) [C. A., 23, 3438 (1929)]. 
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Aromatic dithio acids have been obtained 461 by the reaction 0 f 
phenols with carbon disulfide in the presence of aluminum chloride. 

CJI5011 + cs 2 -^4 110C6H4CS2H 

Preparation of Dithio Esters. Esters of the dithio acids have been 
prepared by the action of niercaptans on thioamides in the presence of 
hydrogen chloride 46 - and by the action of hydrogen sulfide on imino thin 
esters 74 (p. 851). 

S S 

II I! 

R-C-XH2 + R'SH + HCi -+ R— -C— SR' + NH 4 C1 

NH S 

!! ; ! 

R— C—SR + TIzS -> R— C-SR + NH 3 

The ortho esters of this scries have been mentioned previously (p. 848). 

Preparation of Thiol Esters. The formation of thiol esters by the 
reaction of carboxylic acids with sulfhydryl compounds has been dis- 
cussed (p. 848). Mercaptans may be acetylated 463 with acetic anhydride 
and aqueous sodium hydroxide; with mercaptans of high molecular 
weight better yields 463 are obtained by using sodium acetate in place 
of sodium hydroxide. 

0 

|| 

(CH 3 C0) 2 0 + RSH + XaOH -> CH 3 — C-SR + CII 3 COOXa + 11,0 

Aromatic acid chlorides also give satisfactory results with mercaptans 
and aqueous alkali. Aliphatic acid chlorides are too readily hydrolyzed 
to be used in aqueous solution but react under anhydrous conditions 
with thiophenols m and mercaptans. Pyridine 465 or trimethylamine 466 
appears to cause the acylation to occur more smoothly. 

0 0 

j| || 

R-C-Cl + R'SH + (CH 3 ) 3 X -> R-C-SR/ + (CII*)jN-HCl 

Thiol esters have also been obtained by the reaction of acyl halides 
with mer cap tides, 4 ® 7 by alkylation of the salts of thio acids, 448 by the 

461 Jorg, Ber., 60, 140ft (1927). 

463 Reid, Grig. Com. 8/A Intern. Congr. Appl. Chem. (Appendix), 25, 423 (1912) \C. A., 
7, 2190 (1913)]. 

463 Wenzel and Reid, J. Am. Chem. Sue., 59, 1089 (1937). 

464 Michler, Ber., 7, 1312 (1874) ; Jones and Tasker, J. Chem. Sue., 95, 1904 (1909). 

485 Holmberg, Arkiv. Kemi , Mineral. (leal., 12B, No. 47 (1938) [C. A., 32, 4151 (1938)]. 

486 Ralston, Scgebrecht, and Bauer, J. Org. Chem., 4, 503 (1939). 

447 Michler, Ann., 176, 182 (1875); Obermayer, Ber , 20, 2920 (1887). 
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hydrolysis of imino thio esters, 46 ® and by the action of mercaptidcs on 
esters. ,6a 


2R — C — Cl + Pb(SR')j — > 2R-C— SR' + PbCli 

0 

II 

RCOSNa + R'X — >• R-C-SR' + NaX 
NR 0 

II HCI II 

R— C — SR + H 2 0 — » R— C— SR + RNH 2 • HCI 

0 0 

II II 

R-C-OCeHa + R'SNa — > R— C— SR' + C»HiONa 


Ketene 470 reacts readily with mercaptans, giving high yields of thiol 


esters. 


0 


RSH 4- CH 2 =C=0 -> CH 3 - C-SR 


Preparation of Thion Esters. The method ordinarily used 451 1 471 for 
the preparation of thion esters is the reaction of dry hydrogen sulfide 
with imino esters. 

NH-HC1 S 

ii ii 

R— C— OR + H 2 S -> R-C— OR + NH,C1 

Thion esters have also been obtained 472 from the reaction of the Grig- 
nard reagent with chlorothioncarbonates. 


RMgX 4- Cl— C— OR -* R— C— OR 4- MgClX 

Preparation of Thioamides. Thioamides are usually prepared by 
the addition of hydrogen sulfide to a nitrile. 4 ' 3 

S 

' II 

R — C=N 4~ H 2 S — ► R — C — NH 2 

4W Wallach and Bleibtreu, Ber., 12, 1002 (1879). 

462 Seifert, J. prakl. Chem ., [21 31, 462 (1880). 

470 Hurd and Williams, J. Am. Chem. Soc 58, 962 (1930). 

471 Sakurada, Mem. Coll . Set. Kyoto, 9, 237 (1926) ; ibid., 10, 79 (1926) [C. A., 21, 2458, 
3609 (1927)]. 

472 Delepine, Bull. soc. chim., [4] 49, 904 (1911). 

473 Gautier, Ann., 142, 289 (1807) ; Ralston, van der Wal, and McCorklc, J. Org. Chem , 
4 - 68 (1939). 
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The reaction is carried out in a sealed tube or by adding the nitrile to 
alcohol that has been saturated with ammonia and then with hydrogen 
sulfide. In the case of certain nitriles which do not react under these 
conditions, high yields of thioamides have been obtained 474 by replacing 
the ammonia with triethanolamine. Isonitriles react with hydrogen 
sulfide to give thioformamides . 475, 476 

S 

ii 

RNC + H 2 S RNH— C— H 

The reactions of isothiocyanates with the Grignard reagent , 477 
sodium phenylacctylidc , 478 or the sodium derivative of active methylene 
compounds 479 may be used for the preparation of thioamides. 

_ R'MgX H + 

R— N=C=S > R — N=C — SMgX -> RNH— C=S 

I I 

R' R r 

SNa S 

I H * I! 

C 6 H 5 C=CNa + R— N=C=S -» CJRC^C-C— XR - — > C fi H 6 C^C— C-NIIR 

NaS 

I 

[CH(COOC 2 H 6 ) 2 J-Na + + R— N=C=S -► R— N=C— CH(COOC 2 H 6 ) 2 

S H + 

R— NH— A -CII (COOCalRh 

Thioamides ha\ r e also been prepared by the reaction of amides 
with phosphorus pent asulfide, 476 ’ m from iminochlorides , 481 from ami- 
dines , 480 , 482 and by the Friedel-Crafts reaction . 483 

0 S 

■i p 2 % i- 

R-C-NII 2 -> R— C— NII 2 

R-C=XR HC1 — — > RC— NHR + 2HC1 


Cl s 

474 01in and Johnson, Rcc. trav . ckim., 50 , 72 (1931). 

474 Hofmann, Ber., 10, 1005 (1877). 

478 Hofmann, Her., 11, 338 (1878). 

477 Sachs and Locvy, Ber., 37, 874 (1904) ; Gilman and Furry, ./. Am. Chan . Roc., 50, 
1214 (1928) ; Schwartz and Johnson, ibid., 53, 1003 (1931). 

478 Worrall, J. Am. Chan. Soc., 59, 1486 (1937). 

479 Ruhernann, J. Chtm. Soc., 93, 621, 625 (1908) ; Worrall, J. Am. Chan. Soc., 50, 1457 
(1928). 

4,9 Bemthaen, Ber., 11 , 503 (1878). 

481 Leo, Ber., 10, 2134 (1877). 

482 Bemthaen, Ber., 10, 1238 (1877) ; Ann., 192, 29 (1878). 

483 Friedmann and Gattcrmann, Ber., 25, 3525 (1892). 
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h 3 s 


c 6 h 6 c 


^NC 6 H 5 

^NHC 6 H b 


CeH 6 CNHC 6 H B + C 6 H 5 NH 2 
S 


cs 2 


4 C 6 H & CNHCcH 5 + c 6 h 6 n=c=s 


CeH 6 + C 6 H 6 N=C=S 4 CeHsNHCCeHs 


Preparation of Thio Acid Chlorides and Anhydrides. Thio acid chlo- 
rides are prepared 457, 484 by the reaction of dithio acids with thionyl 
chloride. Thio anhydrides (diacyl sulfides) are obtained 147 ’ 485 by the re- 
action of an acid chloride with potassium sulfide or with the lead salt 
of a thio acid. 

S 

S0C1 2 i 

RCS 2 H — > R-C-Cl 

0 0 

II II 

— > R— C— S— C— R + 2KC1 

k 2 s 

0 0 

II II 

— > 2R-C-S— C-R + PbCla 

(RCOS)jPb 

Diacyl disulfides may be obtained by the method already mentioned 
(p. 862), by the reaction of iodine with sodium salts of thio acids, 448 or by 
the electrolysis of thio acids. 486 

0 0 

II II 

2RC0SNa + Iz > R-C-S-S-C-R + 2NaI 

0 0 

Electrolysis li n a 11 i IT 

2RC0SH ■> R— C— S— C— R + H 2 

At anode At cathode 


2R-C-CI ~ 


Reactions 

Reactions of Thio Acids. Probably the most notable characteristic of 
thio acids is their reactivity as acylating agents. Thioacetic acid, for 
example, acetylates amines 487 readily at room temperature. Thio acids 


484 Staudinger and Siegwart, Ucf . 460. 

486 Davies, Her., 24, 3540, 4251 (1891) ; Fromm, Ann., 34S, 144 (1906). 

486 Bunge, Her., 3, 297 (1870). _ 0 . , 1Qftn 

487 Pawlewski, Ber., 31, 661 (1S98) ; Ber., 35, 110 (1902) ; Eibner, Ber., 34, 657 (1901). 
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react with alcohols m to give esters and are rapidly hydrolyzed in the 
presence of moisture; the hydrolysis occurs so readily that thio acids 
may be used 489 in place of hydrogen sulfide in analysis. 

0 



ii 

(CH 3 ) 2 C=CHCH 3 4- CH 3 COSH (ClI 3 ) 2 CHCH-S-CCH a 


CH 3 

The thio acids are oxidized by atmospheric oxygen and are converted 
to diacyl disulfides by mild oxidizing agents (p. 935). 

Reactions of Thioamides. The thioamidos, in contrast to their oxy- 
gen analogs, are weak acids; they dissolve in aqueous alkali and may 
be reprccipitated by passing carbon dioxide into the alkaline solu- 
tion. 480, 490 

S S 

R— C— XHj — ° H > [RCSN'H]-\a+ > R— C— NH 2 + NallCOj 

The salts of the thioamides may be isolated; they react with alkylating 
agents 468 to give S-alkylisothioamides (imino thio esters). 

SR' 


[RCSXH]-Na+ + R'X NaX + R— C— NH 

One of the most useful reactions of thioamides is that with a-halogen 
aldehydes or ketones to give thiazoles. 491 The results of this reaction, 
as well as the salt formation noted above, suggest that the thioamides 
are tautomeric. 

m Wheeler, J. Am. Chem. Soc., 23 , 443 (1901; ; Stewart and McKinney, ibid., 53 , 1482 
(1931;. 

4a# Schiff and Tamgi, Ber 27 , 3437 (1894; ; Yoe and Wirsing, J. Am. Chem. Soc., 54, 
1866 (1932). 

m Nef, Ann., 280 , 297 (1894). 

491 Hantzach, Ann., 250 , 262 (1889), 
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3 y SH C1CH 2 >S — CH 


R — ?± R-C: 
X NH 2 


\ + I 

^NH 0=C— R 


R-C C 


I! 

^N-CR 

Bcnzothiazoles have been obtained by the oxidation 492 of thioanilides. 


R— C( 


.SNa 


(K,Fe(CN)«) > lNa0H + 


Thioamides are readily hydrolyzed 49S by heating with aqueous acid 
or alkali; they may also be converted to nitriles by elimination of hy- 
drogen sulfide. 494 



+ 2H 2 0 + HC1 


RCOsII + H 2 S + NEUC1 


A characteristic blue color, probably due to thiobenzophenone, is 
formed 495 when thioamides are heated with benzophenonedichloridc; 
this may be used as a test for thioamides. 

Reactions of Other Compounds. Thio acid chlorides react in the 
same way as their oxygen analogs but are less stable. 460 Thio anhydrides 
are readily hydrolyzed. Dithio acids are oxidized by air 496 or mild oxi- 

/ f S \ 

dizing agents 497 to thioacyl disulfides \ R— C— S— S— C— R / ; these may 
be used 498 for the acylation of amines. 

The only characteristics of thion esters which are worthy of note 
are their rearrangement, 451 the ease with which the sulfur atom is re- 
moved, and their hydrolysis. 471 Thiol esters may also be hydrolyzed 
(pp. 843, 848) and are oxidized 267 by aqueous halogens. 

0 0 0 

II n, II II 

C 6 Hj-C-SC 2 H 5 — -* C«II 6 C-OH + C«H 6 C— Cl + CjHjSOiCl 

HjO 

Dithio esters undergo ammonolysis with concentrated ammonium hy- 
droxide. 422 

492 Jacobsen, Ber., 13, 1067 (1886) ; Ber., 20, 1S95 (18S7) ; Jacobsen and Ney, Ber., 22, 
904 (1889). 

493 Blank, Ber., 26, 3040 (1892). 

m Jorgensen, J. prdkt . Chem., (2] 66, 33 (1902). 

495 Tschugaeff, Ber., 36, 2482 (1902). 

496 Houben and Pohl, Ber., 40, 1303 (1907). 

497 Bloch, Hohn, and Bugge, J. prakt. Chem 82, 473 (1910). 

498 Szperl and Wasilewska, Roaniki Chem ., 16, 204 (1936) [C. A., 30, 8189 (1936)]. 
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S 

II 

CfiHe — C — SCHaCcHe + 3NH 4 OH -> 

0 

II 

C 6 H 5 -C-NH 2 + C«H 5 CII 2 SII 4* (NH 4 ) 2 S + 2H a O 


Derivatives of Carbonic Acid 

The sulfur analogs of carbonic acid offer structural possibilities which 
arc not found in any of the other acids. In addition to the usual thiol 
(I) and thion (II), there are theoretically two dithio acids: a dithiol (III) 
and a thionthiol (IV) acid. There may also, in this case, be derivatives 
of a trithio acid (V). 

0 S 0 S S 

HO-C— SH HO-C— OH HS— C— SII IIO— C— SH HS-C-SH 

1 II in iv v 

Though these acids are unstable, their salts and other derivatives are 
known. For example, the esters of all of these may be prepared by the 
reaction of phosgene or thiophosgene with the proper alcohol or mer- 
captan. 


RO— C— OR <- 


ii 

RS— C— SR *- 


II ROH I! RSH H 

Cl-C— Cl > RO— C-C 1 > RO-C-SR 


II RSH *i RSH II ROH H 

RS-C-SR < — Cl-C-Cl > RS — C — Cl — — > RS-C-OR 


The thio derivatives of carbamic acid arc the same in number as 
those from ordinary acids: thiolearbamates (VI), thioncarbamates 
(VII), and dithiocarbamates (VIII). Thiourea (IX) is the only thio- 
diamide of the series. 

0 s s s 

H 2 N— C— SH H 2 N— C— OH H 2 N— C— SII HjN— C—NH* 

VI VII VIII ix 

Elimination of the elements of water or ammonia from these amides 
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leads to two types of structure which cannot be derived from other thio 
acids: thiocyanic acid (X) and isothiooyanie acid (XI). 

H-S-OeN H-N=C=S 

X XL 

In. general, the thio derivatives of carbonic acid behave as might be 
expected from the information already given about thio acid derivatives 
and from knowledge of the simple carbonates. Therefore, no attempt 
will be made to discuss the entire series ; the following treatment will be 
limited to a few specific types or individual compounds which seem 
especially important or interesting. 

Xanthates. 1 he salts of O-alkyl derivatives of IV are known as 
xanthates.* They are obtained 499 by the reaction of an alcohol with 
carbon disulfide f in the presence of alkali. 

S 

ROH + CS 2 + KOH -* UO-C-SK + II 2 0 


The xanthates from n-butyl and isoamyl alcohols have been used in 
flotation. The xanthates may be alkylated by the usual reagents; the 
esters of low molecular weight obtained by this method show the property 
of chemiluminescence in air. 500 The most important application of the 
xanthates is the viscose process (p. 1683) for rayon and cellophane. 

Dithiocarbamates, Carbon disulfide reacts with ammonia and with 
primary and secondary aliphatic amines to give salts of dithiocarbamic 
acid. 


RNH 2 + CS 2 -» 


s 


r s i 

II 

! hnh 2 

1 > 

II 

RNH— C— SH, 

_RNHC— S_ 


Not isolated 


Alkali metal salts may be obtained by the use of alkali in the reaction 
of the amine with carbon disulfide. The dithiocarbamates are readily 
oxidized to thiuram disulfides, and these may be converted to sulfides. 
The thiuram disulfide and sulfide obtained from dimethylamine are 
known as “Toads’ ' and “Thionex” respectively and are important accel- 


* The name is derived from the Greek ( xanthos , yellow). It does not refer to the color 
() f all xanthates, but to their insoluble, yellow cuprous salts. 

S S 

!! 11 

[4ROCS 2 K + 2CuSOi -► SROCSjCu + 2K 2 S0 4 + ROC— S— S— COR.] 
m Zeisc, Ann., 16, 178 (1835). 

t Carbon oxysulfide undergoes a similar reaction, yielding a product known as "Ben* 
der's salt" ; C 3 H # OH + COS + KOH -» H a O + CALOCOSK, [Weeldenburg, Rec. trav. 
chim., 47, 49G (1928).] 

600 Delepine, Bull. sac. chim., [4J 7, 404 (1910). 
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erators for rubber vulcanization, 
is also used for this purpose. 


The thiuram disulfide from piperidine 
S 


(CH 3 ) 2 NH + CS 2 + NaOH -> (CH 3 ) 2 N-C-SXa 


HjOj 
> 


(CH 3 )jX — C — S — S — C — N(CH 3 ) 2 
S S KCN/ "Tuad." 

I! I! / 

KXCS + (CIIj)jX— C— S— C— X (CHj)j 

“TLionex" 


The reaction of aromatic primary and secondary amines with carbon 
disulfide gives derivatives of thiourea. 

Thiourea. Thiourea (thiocarbamidc) may be prepared by reactions 
analogous to those used for the synthesis of urea: the addition of hydro- 
gen sulfide to cyanamide 501 or the use of ammonium thiocyanate in the 
Wohler synthesis. In the second method, higher temperatures are re- 
quired and the equilibrium is less favorable 50 - than in the rearrangement 
of ammonium cyanate. 

S 

!i 

h 2 xc=n h 2 n— c— nh 2 

s 

NH 4 SCN H 2 N— C-NTIa 

287c 

The reaction of thiourea with alkylating agents (p. 841), producing 
S-alkylisothioureas (“pseudothioureas”), suggests that thiourea may be 
tautomeric (compare with the other thioamides, p. 936). 

S SH 

IlaN-C— NHa H 2 N— C=NH 

The absorption spectrum of thiourea 603 resembles that of R 2 N 
S 

more than that of R 2 N — C — NR 2 . However, the pH of solutions of 

601 Buchanan and Barsky, J . Am. Chcm. 8 oc. t 52 , 195 (19:50); Barsky and Buchanan, 
ibid., 53 , 1270 (1931); Bar sky, Chimin A Industrie, 28 , 1032 (1932). 

602 Kappanna, Quart. J. Indian Chcm. Size., 4 , 217 (1927) ( C . A., 21 , 352G (1927)]- 
Rivier and Borcl, Helv, ('him. Acta, 11 , 1219 (1928). 


SR 

i 

— C=NK 
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/ S 
( II 

thiourea 504 and its acyl derivatives 505 indicate that the thion \ — C — 
structure is predominant. Spectroscopic and x-ray data 506 indicate that 
in the solid form, at least, thiourea and urea have similar structures. 

Thiourea is useful in synthesis (p. 841) but has no large-scale com- 
mercial applications. With formaldehyde it gives products similar to 
urea-formaldehyde resins. Thiourea forms complex addition products 507 
with salts of the heavy metals and forms salts with strong mineral acids. 
Thiouronium nitrate is explosive. Thiourea is more readily acetylated 
than urea. 508 It may be oxidized in acid solution to a strongly basic 
disulfide (H 2 NC(:NH)S— SC(:NH)NH 2 ) and by further oxidation to a 
sulfonic acid, 500 H 2 NC(:NH)S0 3 H. Some of the thiobarbituric acids, 
obtained by condensing thiourea with substituted malonic esters, are 
powerful hypnotics. 510 Substituted thioureas may be prepared by heat- 
ing amine thiocyanates, by the reaction of alkyl isothiocyanates with 
amines, by the reaction of aromatic amines with carbon disulfide, by 
heating the amine salts of dithiocarbamic acid, and by the reactions of 
amines with thiophosgene. 

S 

A I! 

RNHrHNCS — > RNH— C— NH. 


S 


j! 

RN— C=S + R*NH — > RXH-C— NR* 


2ArNH 2 + CS 2 — * ArXH— C-XHAr + H 2 S 


S 

a II 

RNH- C-Sj RW — > RNH— C— NHR + H 2 S 

S 

4 R 2 NII + C 1 2 C=S — ■> R2XCNR2 + 2R2NH HCI 

6W Cristol, Seignourin, ami Fourcade, Compt. rend., 200, 2223 (1935). 

605 Lecher and Siefkcn, Ann., 456, 192 (1927). 

m Demeny and Nitta, Bull. Chan . Soc. Japan, 3, 128 (1928) [C. A., 22 , 3073 (19-S)], 
Wyckoff and Carey, Z. Krisl 81 , 3S6 (1932) [C. A 26 , 4992 (1932)]. 

M7 Dubsky, Okac, and Trtilck, Mihrochemie, 17, 332 (1935). 

508 Werner, J. Chan. Soc .. 109, 1120 (1916). 

6U9 Boeseken, Rvx. trav. ehim ., 56, 1040 (193(>). . T , 

6,0 Miller, Munch, Croasley, and Ilutung, J . -4m. Chan. Soc., 58, 1090 (1936) ; Tabern 
and Volwiler, ibid., 57, 1961 (1935). 
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Diphenylthiocarbanilide (^w/.-diphenylthiourea), prepared by the re- 
action of aniline with carbon disulfide, is an important rubber accelerator. 

Thiocyanates. The reaction of potassium thiocyanate with potas- 
sium bisulfate results in the evolution of vapors which may be con- 
densed to a white solid. Although this Is called thiocyanic acid, it 
may be an equilibrium mixture of thiocyanic and isothiocyanic acids 
(H — S — C^N <=* S=C=NH). It melts at about 5° and decomposes 
within a few minutes at room temperature. Concentrated solutions in 
dry organic solvents can be kept only at low temperatures, but dilute 
solutions are more stable . 511 

Thioeyanogen (N=C— S— S— C=N) may be obtained by the reac- 
tion of metallic thiocyanates with halogens. In its use for the estima- 
tion of unsaturation 512 and in its reactions with aromatic compounds 513 
it is analogous to the halogens; thioeyanogen has been called a pseudo- 
halogen . 514 Good yields of aryl thiocyanates are obtained by treating 
a metallic thiocyanate and an aromatic compound with bromine 515 or 
copper sulfate . 516 

2 KSCX + Br 2 -* 2KBr + (SCX)i > ArSCN + IISCN 
4 KSCX + 2CuS0 4 -> K 2 S0 4 + Cu 2 (SCX ) 2 + (SCX ) 2 — > ArSCN + IISCN 

ArH 

Alkyl thiocyanates, RSCX, are relatively stable but upon heating 
may isomerize to isothioeyanates. They are usually prepared by alkyl- 
ation of a salt of thiocyanic acid ; 517 a few have been obtained by the 
reaction of morcaptides with cyanogen chloride. 

RX + KSCX -> KX + RSCN 
(RS)iPb + 2C1CX -> PbCl 2 + 2RSCN 

Alkyl thiocyanates may be oxidized to sulfonic acids (p. 889) and reduced 
to mercaptans . 618 Lauryl thiocyanate , 619 O^H^sSCN, and butyl carbi- 
tol thiocyanate, C 4 H 9 OCH 2 CH 2 OCH 2 CII 2 SCN (“Lethane”), are im- 
portant insecticides which have been recently developed. 


511 Kaufmann and Kohler, Her 58, 1553 (1925). 

512 Caldwell and Piontkowski, J. .4m. ('hern. Sac 56, 2086 (1034). 

513 Dienske, Rec. irav. ckim ., 46, 154 (1927). 

SM Kaufmann and Licpc, Her., 57, 923 (1924).' 

5IS Kaufmann and Ochring, Her., 59, 187 (1926). 

616 Kaufmann and Kiichler, Her., 67, 944 (1934). 

517 Delepine and Joffeux, Compt. rend., 172, 158 (1921). 

S1 * Hofmann, Her., 1, 169 (1868). 

619 Hoiisquet, Salzljerg, and Dietz, Ind. Eng. Cham., 27, 1342 (1935). 
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Isothiocyanates. Alkyl isothiocyanates, also called “mustard oils," 
have a characteristic sharp odor and biting taste. They are usually ob- 
tained by the rearrangement of thiocyanates or by heating dilhiocar- 
bamates with mercuric chloride 518 or basic lead acetate. 520 

Heat 

11 — S— C=N — > R— N=c=s 
RNHCS 2 NH 3 R + HgCl 2 > RNH*C1 + RXHCS 2 IIgCl 

i 

RX=C=S + HgS + HC1 

UNHCSjNa + CTT 3 C0 2 Pb0TT — > R— N=C=S + PbS + ClI 3 C0 2 Xa+II 2 0 

The reactions of isothiocyanates are analogous to those of isocya- 
nates. Isothiocyanates react with water to give disubstituted thioureas, 
with alcohols to give thion carbamates, with amines to give thioureas, 
and with the Grignard reagent (p. 934) to give ihioamides. 

S 

— > RXIICS 2 H-> CS 2 + 11XU 2 -2^> RX1I-C-XHR 

s 

iron N 

> UXHC— OR' 
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INTRODUCTION 

Organic fluorides have been prepared by a variety of methods, and 
their properties were investigated with varying thoroughness from 1843 
until 1930. The most accurate work has long remained accessible in 
abstract form only, and this probably explains why the fluorides acquired 
the undeserved reputation of dangerous laboratory curiosities. After 
1930, however, the commercialization of polyfluorides as refrigeration 
agents in household devices and, more strikingly, their use in air- 
conditioning equipment brought a sudden, perhaps overenthusiastic, 
interest in these compounds and a tendency to regard all fluorides as 
harmless, inert compounds. From about 1938 to date more critical 
studies have made it possible to classify the degree of chemical activity 
of the various fluorides, to take advantage of their activity as well as 
(heir inertness, and to present a coherent picture of the subject as a 
whole. 

One finds that, after the classical pioneering of Moissan was com- 
pleted around 1900, worthwhile contributions in the next twenty-five 
years were practically limited to the investigations of Frederic Swarts. 
Since 1925 more numerous and more critical publications have appeared. 
The present survey aims at a comprehensive picture of the field as of 
January 1, 1941. In order to avoid duplication, it leaves the description 
of details, academic curiosities, and studies that are interesting but not 
general in nature to preceding compilations.* 

The presentation is almost completely limited to aliphatic com- 
pounds, because aromatic fluorides have chemical, physiological, and 
physical properties which arc more or less predictable from the known 
trends of the other aromatic halides, whereas aliphatic compounds may 
or may not show the characteristics to be expected by analogy. The 
aliphatic compounds have also been used in more original applications. 


METHODS OF PREPARATION 

All the methods known to introduce halogen atoms into organic mole- 
cules can be used to synthesize fluorides. All of them, however, have 
important limitations. At the present moment the method most gen- 
erally used is the interchange of halogen atoms between an organic halide 
and an inorganic fluoride; second in practical importance is the addition 
of hydrogen fluoride to a double or triple bond, a method which is yet 
in its infancy, but is growing fast. 

* Key references may be found at the end of the chapter. 
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Direct Fluorination. Most organic substances burn or explode when 
introduced into a fluorine atmosphere. Carbon gives mostly carbon 
tetrafluoride, but also small quantities of other compounds (C2F6, C 2 F 4f 
C3F8) and apparently higher homologs C„F2 W +2. 1, 2 * 3 ’ 4 Some cyclic: 
compounds have been claimed but in an unconvincing fashion. Hydro- 
carbons can be fluorinated in the gaseous form over copper gauze by 
means of fluorine diluted by nitrogen; and a variety of reaction products 
obtained by the replacement of hydrogen by fluorine in the original hy- 
drocarbon, and its decomposition products, have been listed. 5, 61 7 * a * 9 
The hydrogen atoms, the chlorine atom, or both elements may be re- 
placed in ethyl chloride. 10 Organic polyhalides undergo partial replace- 
ment of the halogens, and cthylcnic or aromatic polyhalides give products 
of addition as well as substitution. 11, 12, 13 

Liquid or dissolved paraffins and halogenated derivatives have re- 
peatedly been subjected to fluorine, but without much success and with 
many accidents due to accumulation of unreacted fluorine: successful 
results have, however, been obtained by causing the fluorine action to 
take place at the surface of the liquid 14, l5, 16 or in an inert solvent. 17 
General indications have been obtained that the fluorination of fatty 
acids occurs mostly in the /?- and 7-positions, and it has been claimed 
that the hydrogen atoms in an a-position arc protected by the adjacent 
carboxyl group. 14, 13 Olefins and olefinie acids have given very small 
yields of difluorides. 14 ' 15 Other compounds have given indefinite, fluo- 
rine-containing products. 

This method seems to have some limitations. 

(a) When it is used to replace hydrogen, it inevitably consumes one- 
half of the fluorine, the most valuable reagent, to manufacture hydrogen 
fluoride, a cheaper by-product. The reaction products are frequently 
difficult to separate from the starting material as well as from each other. 

1 Moissan, Compt , rend., 110, 276 (1600). 

2 Lcbcau ami Damiens, ibid., 182, 1340 (1926). 

3 Huff and Keim, Z. anorg. allgem. ('hem., 192, 249 (1930). 

4 Simons and Block, J. Am. Chcm. Soc ., 59, 1407 (1937) ; 61, 2964 (1939). 

6 Bigelow, Pearson, Cook, and Miller, ibid., 55, 4014 (1933). 

6 Calfee and Bigelow, ibid., 59, 2072 (1937). 

7 Calfee, Fukuhara, and Bigelow, Und., 61, 3552 (1939). 

* Young, Fukuhara, and Bigelow, ibid., 62, 1171 (1940). 

8 Hadley and Bigelow, ibid., 62, 3302 (1940). 

10 Calfee, Fukuhara, Young, and Bigelow, ibid., 62, 207 (1940). 

11 Bigelow' and Pearson, ibid., 56, 2773 (1934). 

12 Miller, Calfee, and Bigelow.', ibid., 59, 198 (1937). 

13 Fukuhara and Bigelow, ibid., 60, 427 (1938). 

14 Fredenhagen and Cadenbaeh, Bcr., 67, 928 (1934). 

15 Boekern filler, Ann., 506, 20 (1933). 

14 Miller, ./. Am. Chem. Soc., 62 , 341 (1940). 

17 Caleott and Bcnning, U. S. pat. 2,013,030 [C.A., 29, 6900 (1935)1. 
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The heat of reaction is greater than (he energy required to break a 
carbon-to-carbon linkage. 

(b) To replace halogen atoms, the action of free fluorine does not 
have any advantage over other methods which are cheaper, more con- 
venient, and less dangerous. 

(c) In all cases the number of substitutions and the location of the 
fluorine atoms in the reaction products have been unpredictable and 
their precise control is not yet available. The purity of the fluorine is 
of great importance, and stress has been placed on the adverse effect of 
small amounts of oxides. 

Esterification of an Alcohol. It is possible but entirely impracticable 
to estcrify an alcohol with concentrated aqueous hydrofluoric acid, 
because the saponification of the monofiuorides is far too preponderant. 
It is equally impracticable to circumvent this by removal of water, 
because all the desiccating agents tried have caused the decomposition 
of the fluorides info olefins and hydrogen fluoride. The same objection, 
as well as the formation of ethers, defeats attempts to interact alcohols 
with an excess of anhydrous hydrogen fluoride. Finally, a roundabout 
procedure such as the use of a phosphorus fluoride leads only to esters 
of phosphoric acid. These obstacles explain why the synthesis of 
fluorides by esterification has been almost completely abandoned. 

Addition of Hydrogen Fluoride. The addition of hydrogen fluoride 
is a new procedure which offers much promise. Acetylene itself reacts 
with difficulty, at room temperature, to give a mixture of vinyl fluoride 
and asymmetrical difluoroethane, but the higher alkyncs react readily 
at — 70 ° to —00° to give 2,2-difhioroalkanes exclusively. 18 The main 
problem is to obtain the completion of the addition reaction and at the 
same time prevent the formation of resinous products. 

Olefins and hydrogen fluoride have been successfully combined. 19 ’ 20 
The addition invariably yields a secondary or a tertiary fluoride, but 
never a primary compound except, of course, for the addition to ethylene 
itself. The practical problem is to hinder the reversal of the reaction, 
which is particularly likely to occur with tertiary fluorides and is en- 
hanced by heat or the presence of acids. Tins difficulty disappears when 
the olefin already carries a halogen atom on one of the doubly linked car- 
bon atoms: for instance, vinyl chloride yields stable CH 3 CHC 1 F, while 
CH 3 CII=CC 1 2 very easily gives CH 3 CH 2 CC 1 2 F 7 and CH 3 CC 1 --CHQ 
yields CH3CCIFCH2CI quantitatively. 21 In all cases, the rule of Mar- 

18 v. Grosse mid Lind, Baltimore meetup of the American Chemical Society. 1939. 

18 v. Grosso and Lind, ./. Org. Chan., 3, 20 (1938). 

20 v. Grosso, Wackcr, and Lind, J. Vhtjs. Chan., 44, 27o (19 W). 

21 Henne and Whalev. ummblishcd results. 
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kownikofT and the theory of Kharasch 52 are verified, and so far it has 
been impossible to reverse the direction of addition. The patent litera- 
ture 23 ’ 24 describes the addition of hydrogen fluoride to oleic and stearolic 
acids, to yield fluoro and difluorostearic acids, respectively. These are 
reported as stable compounds, a claim which it would be interesting to 
confirm. 

Cyclopropane combines with hydrogen fluoride to give normal propyl 
fluoride . 19 Good control of the experimental conditions is essential 
because, when cyclopropane and hydrogen fluoride interact too sud- 
denly, the resulting normal propyl fluoride decomposes into hydrogen 
fluoride and propylene, and when these two compounds recombine they 
yield isopropyl fluoride. Therefore, a lack of precautions may lead to a 
mixture of reaction products and to an incorrect interpretation. 

Substitution Methods. The principle of the substitution methods 
consists in causing a double exchange to take place between an organic 
halide and an inorganic fluoride, or between an organic sulfate and an 
inorganic fluoride. Sulfates are very rarely used, and the original syn- 
thesis of methyl fluoride from dimethyl sulfate and potassium fluoride 
is now of historical importance only. When the organic halogen to be 
substituted is chemically very active, the substitution is usually quite 
simple ; for instance, an acyl halide is transformed into the corresponding 
acyl fluoride by means of antimony fluoride, hydrogen fluoride , 25 or even 
potassium fluoride in hot acetic anhydride . 26 Similarly, sidfonyl fluorides 
are conveniently obtained from sulfonyl chlorides and zinc fluoride . 27 

Alkyl monohalides are converted to the fluorides by agents such as 
silver, mercurous, or mercuric fluorides. In most laboratories it is more 
convenient to use a fluoride of mercury . 28, 29 ’ 305 31 Organic polylialides 
with several halogen atoms located on the same carbon atom arc best 
treated with antimony trifluoride, pentavalent antimony fiuorochloridcs, 
or similar inorganic fluorides. Antimony trifluoridc seldom acts effi- 
ciently by itself, but a small quantity of pentavalent salt, acting as 
“fluorine carrier, 5 ' permits the exchange of halogen atoms to proceed to 
completion. Antimony fluorochloridc is used for very difficult substitu- 

22 Kharasch, Kngelman, and Mayo, ./. Orff. ('hem., 2, 298 (1987). 

23 1. G. Farben Industrie, Fr. pat. 799,482 [C.A., 30, 75S5 (193G)|. 

24 1. G. Farben Industrie, Fr. pat. 780,112. Ger. pat. 021,977 [f 30, 2314 (1930)]- 

25 Fredenhagcn and Cadenliach, Z. phyxik. Cham., A1G4, 201 (1933). 

24 Neameyanov and Kahn, Ber ., G7, 370 (1934). 

27 Davies and Dick, /. Chan. Sac., 483, 2042 (1932). 

28 Swarts, Bull, daauc sci . Acad. rvy. Bdff [5] 22, 781 (1930); Bull. anc. chim . B- 
45, 10 (1937). 

29 Ilenne and Ilenoll, J. Am. ('hem. fioc., 60, 1000 (1938). 

30 Hemic, zhul., 60, 1509 (1938). 

Jl Ilenne and Midgley. ibvl., 58, 884 (1030). 
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lions. Hydrogen fluoride can act as the source of fluorine for organic 
di- or tri-halides whose halogen atoms are all linked to a single carbon 
atom: examples are the conversion of C(jH 5 CCl 3 to C 6 II 5 CF S , CH 3 CC1 3 
to CH 3 CF 3 , and CH 3 CC 1 2 CH 3 to CH 3 CF 2 CH 3 . 

Limitations of Substitution Methods. Antimony fluoride, which is 
by far the most widely used agent, acts as follows: in the methane series 
it converts CCI 4 to CCI 3 F and C01 2 F 2 very readily. Extremely small 
amounts of CCIF 3 have been obtained at high temperature and high 
pressure in the laboratory, and also as a minor by-product in the indus- 
trial manufacturing of CC1 2 F 2 . Similarly, chloroform is easily trans- 
formed into CHC1 2 F and CHC1F 2 , but not into fluoroform , 32 and at- 
tempts to use large proportions of antimony fluorochlorides at high tem- 
perature cause decomposition and substitution of the hydrogen by chlo- 
rine. Methylene chloride is easily transformed into CH 2 F 2 , though much 
decomposition occurs . 88 Methyl chloride is not affected by antimony 
fluoride. It is thus clear that, in the methane series, two fluorine atoms 
and no more are easily introduced by antimony fluoride into polyhalides. 
If this limitation is to be circumvented, it is necessary to call a different 
fluorinating agent into play when the limits of antimony fluoride have 
been reached: for example, fluoroform is efficiently made from CHBrF 2 , 33 
and methyl fluoride from methyl chloride by means of mercuric fluoride. 

In the ethane series, the action of antimony fluoride has limitations of 
position, in addition to the limitations of extent. Hexachloroethane gives 
the following fluorides: CC1 3 CC1 2 F; CG1 2 FCC1 2 F; CC1 2 F0C1F 2 ; and 
CC1F 2 CC1F 2 ; an entirely symmetrical course is thus evident . 34 The 
presence of hydrogen in the molecule markedly alters the course as 
well as the extent of the halogen exchange. Pentachloroethane gives 
CHC1 2 CC1 2 F then CHC 1 2 CC 1 F 2 easily, but the next substitution is very 
difficult to perform and the formula of the resulting trifluoride has 
not been convincingly established . 35 Acetylene tetrachloride yields 
CHCI 2 CHC1F, then CHC 1 2 CHF 2 relatively easily. The third step was 
originally reported by S warts 36 to be CIIC1FCHF 2 , a compound boiling 
at 17°; although this was certainly correct, under the experimental con- 
ditions used,* all efforts at duplication in a laboratory as well as on an 
industrial scale have always yielded CII 2 G1CF 3 , a compound boiling at 
b 0 . 37 An explanation of this anomaly is offered which consists of a parting 

32 Hennc, ibid., 59, 1400 (1037). 

33 Ilenne, ibid., 59, 1200 (1037). 

31 Locke, Brodc, and Henne, ibid, 56, 1720 (1934). 

35 Hennc and Ladd, ibid., 58, 402 (1030). 

36 Swarts, Man. Acad. rot/. Bdtj 61, 1 04 (1001). 

* Dr. Swart, s attributed many of his excellent results to the use of platinum equipment. 
(Private communication.) 

37 Henne and ltcnoll, J, Am. Chan. Sac,., 58, NS7 (1930). 
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of CHCLCHFs into HC1 and CHC1=CF 2 , followed by an addition of 
IIF or HC1 to give GH 2 C1CC1F 2 and CH 2 C1CF 3 . It is to be noted 
that the rearrangement can be avoided by using, as the source of fluo- 
rine, mercuric fluoride, which gives the sequence normally expected, 
CHBr 2 CHF 2 -> CHBrFCHF 2 CHF 2 OHF 2 . 37 

Other ethane derivatives give the following results : 37,38,39 CH 2 C1CHC1 2 
-> CHoCICHClF and GH 2 C 1 CHF 2 ; CH 3 CCI 3 CH 3 CC1 2 F, CH 3 CC1F 2 , 
and CH 3 CF 3 ; CH 3 CHCI 0 -> CII 3 CHCIF and CH 3 CHF 2 ; CH 3 CH 2 C1 
no reaction. Mercury and silver fluorides can overcome the limitations, 
as in the methane derivatives. 

To sum up, the following main trends of the ethane series can be 
listed: ( 1 ) the ease of transforming a CCI 3 group into a CC1F 2 group; 
( 2 ) the rarity of forming CF 3 groups; (3) the resistance of CHC1 2 groups, 
particularly when they arc adjacent to a group already fluorinated. 

An examination of the propane series- 1, w ’ 41 * 42 * 43 ■ 44 confirms and enlarges 
these findings. Oetaehloropropanc gives successively CC1 2 FCCI 2 CC1 3 , 
CC1 2 FCC1 2 CC1oF, CC1F 2 CC1 2 CC1 2 F, and CQF 2 CC1 2 CC1F 2 . This con- 
firms the reactivity of the CCI 3 group and parallels closely the behavior 
of C 2 Clfi. Asymmetrical heptachloropropane gives CHC1 2 GC1 2 CC1 2 F, 
CHC1 2 CC1 2 CC1F 2 , CIICI 2 CCIFCCIF 2 , and CHC1FCC1FCC1F 2 . This 
indicates the sluggishness of the — CC1 2 — group, the difficulty of replac- 
ing both halogen atoms by fluorine, and it confirms the resistance oi 
CHC1 2 to fluorine exchange as already observed in the ethane series. 
Dichloropropane, CH 3 CCI 0 CH 3 , gives CH 3 CF 2 CH 3 , and triehloropro- 
pane, CH 3 CH 2 CCl 3 , gives CH 3 CH 2 CF 3 with great ease; these cases arc 
similar to that of CH 3 CCI 3 which is very easily converted to CH 3 GF 3 ; 
in each instance, all the halogens arc placed on a single carbon atom. 

Decomposition of a Quaternary Ammonium Fluoride. This method 
is very limited in its application, but it allowed Ingold 45 to prepare benzyl 
fluoride with a 00 per cent yield as follows: 

(c 6 n 5 cii 2 )((:n 3 ) 3 xF c«ii*cir s F + (Cii 3 ) 3 x 

Introduction of Fluorine into a Benzene Ring. Aromatic fluorides 
arc best prepared by way of a diazoniurn compound. An amine can be 
diazotized in hydrofluoric acid solution, and the diazoniurn fluoride 
decomposed to the corresponding aryl fluoride, with simultaneous 

3 * Hennc and Renoll, ibid., 58, 889 <193G). 

39 Henri e and Hubbard, ibid., 58, 404 (1930). 

40 Hennc and Itcnoll, Mid., 59, 2434 (1937). 

41 Hennc and Ladd, ibid., 60, 2491 (1938). 

42 Henne, Renoll, and Leicester, ibid., 61 , 938 (1939). 

43 Hennc and Renoll, ibid., 61 , 24S9 (193!)). 

44 Hennc and Haeekl, ibitl., 63, 3470 (1941). 

45 Ingold and Ingold, ./. Cham. AV/c., 2249 (1928), 
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evolution of nitrogen. The literature, however, is full of contradictory 
indications as to yields and by-products. Nevertheless, good yields 
can be obtained by using an exceedingly large excess of concentrated 
acid, or by carrying out the diazotization with solid sodium nitrite in 
anhydrous hydrogen fluoride. This last procedure offers attractive in- 
dustrial advantages. 

Neither method is practicable in most laboratories, and it is more 
convenient to resort to one of the following modifications. The older 
one 46 consists in forming a coupled product of the diazonium compound 
with a secondary aliphatic amine, usually piperidine. The resulting 
diazopiperidide, ArN :NN(CH 2 ) 5 , is easily decomposed about room tem- 
perature by concentrated hydrofluoric acid into piperidine hydrofhioride 
and an aryl fluoride. The latter is obtained in yields of around 50 per 
cent, and the former can be recovered for subsequent operations. The 
yields are very sensitive to impurities. The newer methods 47, 48 con- 
sist in isolating some insoluble diazonium double fluoride, the most con- 
venient of which is a borofluoride. The solution of diazonium salt is 
treated with sodium borofluoride, to form an insoluble crystalline boro- 
fluoride, ArN 2 BF 4 , which is stable, easily separated, recrystallized, and 
dried. On gentle heating it decomposes at a definite temperature into an 
aryl fluoride, nitrogen, and boron fluoride, which can be recovered. The 
yields, which are frequently excellent, are influenced by the groups 
present on the benzene ring. 


EFFECT ON PHYSICAL PROPERTIES 


In general, fluorine affects physical properties such as density, 
refractive index, or viscosity in the same manner as the other halogens 
do, but the effect is much smaller than that of chlorine. By contrast, 
fluorine has an exceedingly strong influence on the boiling point and on 
the melting point; and the magnitude as well as the direction of its 
effect are entirely out of line with the other halogens. 

Density. The replacement of hydrogen by fluorine increases the 
density by progressively decreasing increments. 

Viscosity. The experimental data have been obtained and critically 
discussed by Swarts, 49 who found only approximate, empirical rules 
rather than definite additive properties. The viscosities of some indus- 


trially used fluorides have also been reported. 50, 51 

16 Wallach, Ann., 235. 255 (1886) ; Wallach and Henslcr, Ann., 243, 219 (1888). 
17 Balz and Sehicmann, Bcr., 60, 11S0 (1927). 

49 Meigs, U. S. pat. 1,910,327 27, 4539 (1933)]. 

49 Swarts, J. chirn. phys., 28, 022 (1931). 

60 Denning and Markwood, Ref rig. Eng., 37, 243 0939).. ^ 


1 f 


Sat:.. 55. 4700 (1933). 
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TABLE I 


Density Differences 



d 

* 


d 

Id 

C 6 Hi4 

0.660 


CeHiGcIb 

1.15G 



0.132 


0.091 

CjHgCHFCIIj 

0.792 

0.110 

: p-CellaCcIIiF 

1.217 

0.089 

CiH 9 CF 2 CH 3 

0.902 


; /r t p'-C 6 n. 1 FC 6 IT l F. • 

1.330 


CcHfi. 

0.871 


• CcHsCIT, 

0.806 



0.151 


0.102 

C c H 5 F 

1.022 

0 131 

! WUCIIiF 

1.028 

0.108 

»i-C 6 H 4 F 2 

1.153 

i 

! CeHaCIIFs 

1 . 136 




|i 

: C 6 HaCF.i 

' 


0.052 



1.188 



Dielectric Constant and Dipole Moment. The first measurements of 
Watson 52, 53 and Smyth w were critically examined, repeated, and en- 
larged by Fuoss, 55 who listed the following values for the dipole moments: 
CK 4 , 0.6; CF 3 C1, 0.47; CF 2 U 2> 0.55; CFCl a , 0.53; C:C1F 2 CC1F 2> 0.0; 
CH3CF3, 2.27 ; CH3CCIF2, 2.13; CF 3 CF 2 CI,0.14; and CF;,CH 2 C1, 1.64. 

Refraction and Dispersion. These properties have boon fully investi- 
gated by S warts, 56 who compared a large number of fluorine derivatives 
with similar hydrogen compounds. His conclusion was that the refrac- 
tive increment of fluorine is not very different from that of hydrogen, and 
that the value 1.0 seems most acceptable. He also found that the atomic 
dispersion of fluorine is exceedingly small, almost zero. Similar results 
are also reported by v. Grossc. 20 

Parachor. Measurements made on aromatic substances 57 first gave 
an atomic value of 25.0 for the parachor increment of fluorine. Addi- 
tional experimental data made it possible to compare the parachor of 
fluorinated substances with the corresponding hydrogenated substances J 
and to obtain a difference of 10.5 in aliphatic compounds, 9.3 in aromatic- 
compounds, and 8.4 in CF3 groups. If one accepts the constant value of 

12 Watson, Rao, and Rarnaswany, Proc. Hoy. Soc. f London), A143, 558 (1934). 

53 Watson, Kane, and Rarnaswany, ibid., A156, 137 (1935). 

44 Smyth and McAlpin, ./. Chem. Phyij., 1, 190 (1933). 

65 Fuoss, J. Am. Chcm. Sor.. 60, 1033 (193S). 

66 Sw-arts, ./. cfiim. ph >/-*•« 20, 30 (1923). 

47 Allen and Sugden, J. Chem. Hoc., 700 (1932;. 

68 Desrcux, Bull. soc. ckim. Brig., 44, 249 (1935). 
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15.8 for hydrogen, it follows that the fluorine value is 26.3 in aliphatic 
compounds, 25.1 in aromatic compounds, and 24.2 in CF 3 groups. 

Thermodynamic Properties. The thermodynamic properties of the 
fluorinated refrigerants have been well summarized by Buffing- 
ton 59, 601 61 ' 62 * 03 and by Benning, 61, 65 who were interested in engineering 
applications for the refrigeration industry. 

Boiling Point. Table II lists the boiling points of the chlorine and 
fluorine substitution products of methane. 


CC1 4 

76° 

CChF 

25° 

TABLE ir 

CC1 2 F 2 -29° 

CCIF 3 

-81° CF 4 -128° 

CHCh 

61° 

CHC1 2 F 

9° 

CHCIFa -41° 

CHF a 

-83° 

CHjClj 

40° 

CII-C1F 

-9° 

CH 2 F 2 -52° 



CHaCl 

-24° 

CH a F - 

-78° 





In this methane series, the substitution of a chlorine atom by a 
fluorine atom lowers the boiling point by 51° on an average. A similar 
tabulation, using bromofluoro-derivatives, would indicate an average 
depression of 80°. 

However, if one tabulates the compounds obtained by substituting 
fluorine for hydrogen in methane, one obtains a picture entirely different 
from that of the other halogens. Table III shows that the last two 


TABLE III 


CII 4 .... 
CII 3 CI . 
CH 2 CI 2 

CHCh. 
CCL,. . . 


B. I 1 . Difference ;j 


JL 


- 101 ° 

-24° 

+40° 

+61° 

+76° 


+137 

+C4 

+21 

+15 


GIL... 

CH;+\ 

CH.F*. 

chf 3 . 

cf 4 ... 


R. P. 


- 101 ° 

-78° 

—52° 

-83° 

-128° 


Difference 


+83 

+26 

-31 

-45 


Buffington and Gilkey, ItuL Chert j., 23, 304 (1931). 

6(t Gilkey, Gerard, and liixler, ibid., 23, 364 (1931). 

61 Bichowsky and Gilkey, ibid., 23, 366 (1931). 

62 Buffington and Fleischer, ibid., 23, 1290 (1931). 

61 Buffington and Gilkey, ibid., 23, 1292 (1931). 

M Banning and McHamess, ibid., 31, 912 (1939) : 33, 197 (1940) ; 32, COS (1940) ; 32, 
N14 (19-10). 

66 Benning, McHarncss, Markwood, and Smith, ibid., 32, 970 (1940). 
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fluorine substitutions actually lower the boiling point whereas other 
halogens invariably raise it. This raising and lowering of the boiling 
point caused by a substitution of fluorine for hydrogen is further illus- 
trated by comparing the compounds of Table II in a diagonal fashion, 
as for instance: 

B. P. CCIHs -24° CC1FH 2 -9° CClFjH -41° CC1F 3 -81° 
Difference +15 —32 —40 

The same general considerations prevail in the ethane series; that is, 
the substitution of a chlorine atom by a fluorine atom invariably causes 
a 42° depression, while the effect obtained by substituting fluorine for 
hydrogen atoms may be either a raising or a lowering of the boiling 
point, as shown in Fig. 1. In this case the second fluorine substitution 

CH 3 CII 3 -89° 


V 

CHaCHiF -38° 


+ 13 / \+48 

/ \ 

CHaCHFa -25° CIIsFCTIaF 



CHaFCF, -32" CHFsCIIF. 


+ 10 ° 


+5° 


-23° 


\ / 

" 1U \ y /^ 5 

CIIFiCFa — 48 Q 

- 3, i 

CFjCFa -79° 

Fia. 1 

still causes the boiling point to rise but by different quantities, depending 
on the place of the second fluorine in the molecule; the third and fouit-h 
substitutions raise or lower the boiling point, depending on the place of 
the substitution; the fifth and the sixth lower the boiling point. Highti 
members are subject to the same kind of observations, for which 110 
satisfactory explanation has yet been advanced, and the same effect 
can be observed in the polar fluorides of Table IV. 
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TABLE IV 


CIT;{CH 2 OH 78° 
CH 2 FCH 2 OII 103“ 
CH K 2 CH 0 OH 9(F 
CF a CII 2 OH 78° 


CII 3 C 0 2 II H 7 rt 
CiroFCOnll 165° 
CHFoCOolI 131° 
CF 3 CO 2 II 72 a 


The boiling points of homologs differ by about 30°, as shown in 
Table V. 


TABLE V 


CII 2 F 2 

OH 3 CHK 2 

C 2 H 5 CHF 2 

-52° 

—25° 

+ 6 ° 

CH 3 CE 2 CH 3 0 ° 
CHjCKAHs 31° 



CTI 3 CF 0 C 3 H 7 60“ 

C 6 Hi 3 CHF 2 

120 ° 


Freezing Point, Fully halogonated compounds invariably give well- 
defined, soft crystals. In contrast, compounds which contain hydrogen 
in their molecules thicken to a glass at low temperature and crystallize 
with difficulty if at all. However, compounds which accumulate all 
their hydrogen on some carbon atoms, and all the halogens on other 
carbon atoms, do crystallize easily, and their melting points arc sur- 
prisingly high. For example, CH 3 CF 2 CCI 3 melts at +52°, while 
CCI 3 CF 2 CCI 3 melts at -5°. 43> 66 ’ fiT 

The homologous series of Table VI present alternating freezing points 
similar to those of the low paraffins. 

TABLE VI 


CF 3 H 

— 163° 

CF, 

-186° 

CH, 

-1S3 1 

CF 3 CH 3 

— 107 3 

c 2 f« 

— 100 0 

C 2 H 6 

- 172 1 

CFAHs, 

- 148° 

C*P 8 

— 183° 

C 3 li a 

-187 ! 


C 1 F 10 

-84° 

C 4 H 10 

— 135 1 


Among fully halogonated compounds, the accumulation of the fluo- 
rine atoms at the ends of the molecule always causes the melting point 
to be higher than that of isomers with fluorine atoms spread over the 
several carbon atoms of the molecule, or accumulated in its middle. 
1 his effect is increased when the fluorine atoms become more numerous. 
Empirical rules based on analogies are easily derived, but satisfactory 
reasons have not yet been advanced. 

86 McBcc, ITrnne, ami Elmore, J. Am. Chnn. Sue., 62, 3340 (1940). 

67 Hcnne, Winsfc, and Haeckl, unpublished results. 
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TABLE VII 
Freezing Points 


CCI3CCI2CCIF0 +50 
CCI2FCCI0CCI2F +30 
CCI3CF2CCL -5 


i CChCChCVs 
| CClnFCCloCClFo - 5 ‘ 
j CCI3CCIFCCIF2 — 18 ' 
CCI2FCF2CCI3 - 89 ' 


Tetrafluoridcs 


CXMoFCClsCFa +ir 
CClI’aCCIsCClFi -\r 
CCI 2 FCCIKCCIF 2 -5s 
CC1 2 FCF 2 CC1 2 F 


Difluorides 


Tri fluorides 


+ 100 ° 


CHEMICAL PROPERTIES 

Classification. In order satisfactorily to account for the chemical 
behavior of organic fluorides, it is convenient to divide them sharply 
into two classes, monofluorides and polyfluorides. Monofluorides arc 
characterized by their instability and their tendency to lose hydrogen 
fluoride, which automatically generates an unsaturated residue and 
therefore gives rise to olefins, polymers, or condensation products. By 
contrast, polyfiuorides are exceedingly stable and often physiologically 
inert; chemically, they are indifferent or sluggish and resist oxidation 
particularly well. These properties arc so marked that they place the 
polyfiuorides in a class by themselves. For instance, the physiological 
inertness of CCI 2 F 2 has been illustrated by keeping animals for weeks in 
an artificial atmosphere of 20 per cent oxygen, 40 per cent nitrogen, and 
40 per cent CG1 2 F 2 without any visible effect. The resistance to oxida- 
tion can be illustrated by passing GF 3 GII 3 through fuming nitric acid at 
150° and recovering the trifluoride quantitatively / 18 

It should be emphasized that a polyfluoride is stable only when the 
various fluorine atoms (or at least halogen atoms) am grouped together. 
In this respect GH 3 CHF 2 is a typical polyfluoride and is stable, while 
CH 2 FCH 2 F is better regarded as a double monofluoride and is there! ore 
particularly likely to lose hydrogen fluoride . 38 In GOlFoGCBF both 
groups are polyfiuorides; it is possible, however, to establish a gradation 
and show that the inertness of the CC1F 2 group is more pronounced than 
that of the CC1 2 F group. For instance, a treatment with aluminum 
chloride yields CCI 3 CCIF 2 in fair yields, before it produces GCI 3 CCI 3 / 9, ' 
Monofluorides. The instability of the monofluorides, which compli- 
cates their preparation, can, however, be turned to advantage in syn- 

88 Hennc and Orohin, unpublished results. 

61 Henne and Newman, ./. Am. Chctn. Soc., 60, 1097 (ID.'iSj. 

70 Miller, ibid., 62, 993 (1940). 
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thctic reactions. A primary monofluoride tends to decompose into an 
olefin and hydrogen fluoride, but since the reaction can be reversed and 
the recombination occurs in accordance with the rule of Markownikoff, 
this property leads to isomerization. 

RCH 2 CH 2 F -> RCH=CH 2 + HF -> RCHFCH 3 

Normal fluoride Isofluoride 

A secondary fluoride loses hydrogen fluoride more readily, and a tertiary 
fluoride even more so, but recombination does not lead to Isomerization. 
Cyclohexyl fluoride behaves as a typical secondary fluoride. Fluoro- 
stearic acid, CH3(CH 2 )«CHF(CH 2 )9C02H, and difluorostearic acid, 
CH 3 (CH 2 ) 6 CHFCHF(CII 2 ) 8 C 0 2 H, have, however, been represented as 
stable compounds. Isomerization by double-bond displacement has also 
been observed; this is brought about by the same mechanism of suc- 
cessive additions and eliminations: 

RCH 2 CH 2 CH 2 F -* RCH 2 CII=CH 2 -> RCH 2 CHFCH 3 -> 

RCH=CIICH 3 -* RCIIFCH2CII3 

When hydrogen fluoride cannot be eliminated from two adjacent 
carbons, it is eliminated by taking one fluorine from one molecule, and 
one hydrogen from another. This leads to condensation; 45, (1 for exam- 
ple: 

II H H 

F -C- H + f -C- H + F — C — H -> (-CHC 6 H 5 -)„ + HF 

I ; ' I ' i ' 

C5H5 Cells Cells 

Tim same elimination may take place between molecules of different 
compounds, and it also leads to condensation. 

CeH 6 + CjH s F -> CeHsCjIIs + HF 
Celt, + ClIjCOF -» CelfsCOCII, + HF 

Tlie equivalent of a Friedel-Crafts condensation is therefore obtained, in 
the absence of aluminum chloride. 

One may carry this a step further by forming a monofluoride as an 
intermediate only. 

C,H, + CHf=CH, + HF -* (Cells + CH1CH1F) -» CcHsC 2 H 6 + HF 

CeH, + CH 3 CH 2 OH + HF -> 

(C 6 Hs + CHjCHiF + IIjO) -» CsHeCjIIe + HF + H „0 

71 nenne and Leicester, ibui., 60, 804 (1938). 
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This mechanism, though not generally accepted, seems particularly well 
supported by the fact that, in the presence of hydrogen fluoride, benzene 
and propylene give isopropylbenzene, while benzene and cyclopropane 
give normal propylbenzene. It is essential that the experimental condi- 
tions be controlled to prevent isomerization of the intermediate fluoride 
because, otherwise, this isomerization leads to an incorrect interpreta- 
tion of the reaction mechanism. Additional supporting evidence is the 
preparation of benzoylbenzoie acid by interaction of benzoyl chloride and 
antimony fluoride . 72 In this reaction, all the intermediate products have 
actually been isolated. 

3 C 6 H 5 C 0 C 1 + SbF 3 = 3 C 6 H 5 COF + SbCl 3 
CfillfiCOF + QH5COCI = C6H5COC6H4COCI + HF 

C5II5COF + c 6 iiiCoei = C5II5COC6TT4COF + uci 

C 6 HsCOC«H 4 COX + il 2 0 = C 6 H 5 C0C6H 4 C0 2 H + 1IX 

Several cyclizations have been described, which were brought about 
by hydrogen fluoride. 73, 74 ' 75> 76 The hypothesis is here advanced that 
the mechanism of the reactions is not a mere dehydration but consists in 
forming an intermediate acyl fluoride, which reacts with the ring com- 
pound in typical Friedcl-Crafts fashion. 

Cyclizatixm of y-Arylbutyric Acids or fi-Arylpropianic Acids . 



011 0 



72 Yoznesenskii, J. Gen. Cbm, (U.S.SJi.), 9, 2148 (1939). 

7ri Calrott, Tinker, and Wemmayr, J . Am. Cb.m. Hoc., 61, 949 (1939). 

•* Ficser and Hcrshtx>rg, ihi/l., 61, 1272 (1039). 

7i Fieser and Johnson, ifrid., 61, 1047 (1939). 

76 Fiescr and Cason, ibid., 61 , 1740 (10-19). See also Fiescr and Cates, ibid., 62, 
( 1040). 
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CHrCH 2 CHrCH 2 CHfCH 2 


When a saturated acid is used, it links to the l- instead of the 3-position, 
and the reaction stops when the open-chain ketone is obtained. 

Directional Cyciization. The cyclization of 7-(2-phenanthryl) bu- 
tyric acid, gives a benzanthracene derivative when it is brought about by 
hydrogen fluoride, while it gives a chrysene derivative when it is caused 
by zinc chloride. 



Polyfluorides. The physiological inertness of the polyfluorides has 
been illustrated already by diohlorodifluoromethane, CC1 2 F 2 . Before 
being placed on the market as refrigeration agents other chloroflu- 
orides have been thoroughly investigated to establish their lack of toxic- 
ity. 77 - 7 «- so- si. 82 Methylene fluoride can be administered in large doses 

71 “Tests to Show Toxic Irritant and Fire Characteristics of Certain Well-known Refrig- 
erants,” Kinetic Chemicals, Inc., Wilmington, Delaware. 

78 Nuckols, National Board of Fire Underwriters. MiseeL Hazard No. 2375 (1933). 

79 Ibid., No. 2630 (1935). 

Sft Ibid., No. 2250 (1931). 

81 United States Bureau of Mines R. I. 3013. 

"Brenner, J. Pharmacol., 59, 2 (1937). 
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without ill effect although it is not so thoroughly inert as CC1 2 F 2 . Fluo- 
roform is completely inert and has no soporific effect, in complete contrast 
to chloroform . 33 

The chemical inertness of the polyfluorides is illustrated by the com- 
plete failure to hydrolyze any halogen atom in CCI 2 F 2 and by the fact 
that this fluoride can be passed through molten sodium without causing 
the metal to tarnish ; 83 the inertness of the two fluorine atoms is thus 
shared by the chlorine atoms linked to the same carbon atom. The sta- 
bilizing effect of the fluorine extends to halogens linked to a carbon atom 
once removed; for instance, ethyl iodide is easily hydrolyzed, while a 
treatment with water and mercuric oxide, in a sealed tube at 140°, for 
one w eek, is needed to convert CHF 2 CH 2 I to difluoroethanol . 84 Another 
illustration is the total indifference of the chlorine atoms in CC1 3 CF 3 to 
any treatment involving silver salts or oxides . 68 The resistance to oxida- 
tion is apparent in a comparison of toluene and trifluorotoluene; chromic 
oxide acts rapidly on toluene to oxidize the side chain and yield benzoic 
acid, and it leaves the aromatic nucleus intact. Conversely, trifluorotol- 
uene, C 6 H 5 CF 3 , resists oxidation much better, but long heating with 
chromic oxide breaks the ring, to give trifluoroacetic acid in 60 per cent 
yield . 85 

The resistance to oxidation is apparent even in olefinic derivatives. 
For example, CH 2 =CF 2 can be mixed with oxygen in a glass container 
and exposed to sunlight for weeks. After completion of the experiment 
it can be recovered quantitatively and the glass is not even etched . 84 
By contrast CH 2 =CCl 2 is so unstable that it can hardly be prepared; it 
polymerizes and oxidizes readily. Intermediate properties are exhibit, ed 
by CH 2 =CC1F. Ozone causes a conversion to acyl halides: 

CBr,=CHF — > CUBrFCOBr 
CBrF=CBrF — > CBr 2 FCOF 86 


Polyfluoride groups have a marked directing influence. In sharp con- 
trast w ith CH 3 , a CF 3 side chain is a powerful agent to direct substitution 
into the meta position. 87 A single fluorine atom in the ring, however, 
directs a substituent to the ortho and para positions, and favors para over 
ortho replacement. 

The chlorination of CH 3 CF 2 CH 3 is a well-defined, stepwise reaction, 

83 Midgley and Ilcnnc, Ind . Eng. Chem,, 22 , 542 (1930). 

84 Swarts, Bull, clawe sci. Acad. roy. Bdg. t [4] 3, 383 (1901) ; (4] 4, 731 (1902). 

86 Swarts, ibid., [5] 8, 343 (1922). 

M Swarts, it fid., [3] 36, 532 (1898). 

87 Swarts, ibid., [5] 6, 389 (1920). 
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whose successive steps arc CH 3 CF 2 CH 2 C 1 , CH 3 CF 2 CHC1 2) CH 3 CF 2 CC1 3 , 
CH 2 CICF 2 CCI 3 , CHC1 2 CF 2 CC1 3 , and Ca 3 CF 2 CCl 3 . At no stage is 
there any indication of the presence of the other possible isomer, which is 
in complete contrast with the chlorination of propane, a completely ran- 
dom reaction . 40 Similarly, the chlorination of CF 3 CH 2 CII 3 yields 
successively CF 3 CH 2 CH 2 C1 -> CF 3 CH 2 CHCI 2 -> CF 3 CH 2 CHC1 2 
CF 3 CH 2 CCI 3 , CF 3 CHC1CC1 3} and CF 3 CC1 2 CC1 3 . 21 

Another effect is that of increasing the acid properties of an adjacent 
hydroxyl group. Trifluoroacetic acid is a very strong acid, considerably 
stronger than trichloroacetic acid. Similarly trifluoroethanol and tri- 
flu orolsopropyl alcohol show acid properties similar to those of a phenol, 
and both decompose carbonates and bicarbonates to make a metallic 
alcoholate. Although it is quite acid difluoroethanol acts only sparingly 
on a carbonate. 84, 88 , 89 

In general, polyfluoride groups are indifferent to most reagents, and 
about the only compounds capable of withdrawing the fluorine atoms 
from the organic molecule are derivatives of aluminum. This is illus- 
trated by the possibility of converting triftuorotoluene to trichloru toluene 
by means of aluminum chloride . 69 More evidence of the stability of 
the CF 3 group appears in particularly drastic reactions. For instance, 
the passage of CCl 2 F 2 through the electric arc gives rise to CC 1 F 3 and 
C 2 F 6 , while CF 4 gives mostly C 2 F 6 , together with C2F4. 90 ’ 91 Another 
particularly striking reaction is the preparation of C 2 Fe by electrolysis of 
trifluoroacetic acid . 92 

In order to satisfy himself that the properties reported for fluoroform 
were correct, S warts undertook, shortly before his death, and suecess- 
. fully completed the following series of reactions. He thereby illustrated 
the stability of the CF 3 group . 86, 93, 91 


0*7 O' 1 ftflO OO.tf 

Cl’AHs »«-CF 3 C 6 H t X0 2 — — --> m-CF a C«H 4 MI 2 — > 


H 2 + Pt 


CrOa 


innr; 

CF,CO,H — > CF 3 COOC 2 H 5 


so r ;, 


CHjCOOCjIIs 

+ 

NaOCjlIj 


CFaCOCH,COOCiH 6 


10% 

H 2 SO 4 


CFjCOCHa •> IICFj 

Hnee 

88 Swarts, Dull. soc. chiin. Bdg., 38, 99 (1929). 

89 Swarts, ibid., 43, 471 (1934). 

80 Ruff and Brctschnnider, Z. anorg. align*. Chan., 210, 173 U033). 

91 Thornton, Burg, and Schlesinger, J. vi/»- Chan. Sac. , 55, 3177 (1. }. 

91 Swarts, Bull, clause sci. Acad. my. Bdg., [5] 17 ( 27 (1931). 

93 Swarts, ihvl, [5] 12, 079 (1926). 

94 Swarts, ibid., [5| 13, 175 (1927) ; and private communication. 
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Relation to Atomic Distances. No single physical property can ex- 
plain all the chemical effects. However, a consideration of the atomic 
distances in organic fluorides leads to a remarkable parallelism. 

In the methane series, the atomic distances of all the possible chlo- 
rides, fluorides, and chlorofluorides have been measured by means of 
electron diffractions, with the following results . 95 

TABLE VIII 
Atomic Distances 
(In angstrom units) 



C F 

C Cl 

[ 

C F 

e-o 

CCb 


1.70 

■ cncb 


1.77 

CC1 3 F 

...j 1.40 

1.70 

CIIClsF 

1.41 

1 73 

ccloF 2 

1 35 

1.70 

CHCIF 2 

1 .30 

1.73 

CCIFa 

... 1.35 

1.70 

. CHF* 

1.35 


CF 4 . .. 

...i 1.30 


Il 



CH 2 CI 2 


1.77 

1 

: CITjCl 


1.77 

CHoC’lF 

...! 1.40 

1.70 

i'CIGF 

1.42 ! 


CH 2 F 2 

1.30 






j 


In every series it appears that, with the entrance of the second fluorine 
into the molecules, the carbon-to-fluorine distance is appreciably short- 
ened and, moreover, the carbon-to-chlorine distance is also decreased. 
This creates a more compact molecule, from which it is considerably 
more difficult to extract or substitute anj r constituent part. Although 
this parallelism is not presented as the explanation, it is offered as an 
important element of it. 

PRACTICAL APPLICATIONS 

At the time of writing, only polyhalides have been put to wide com- 
mercial applications, of which their use as refrigerating agents is by far 
the most important. Their physiological inertness is particularly valu- 
able in the air-conditioning field, where leakage of the refrigerant into 
the atmosphere might cause accidents if the compounds were toxic, or 
might create panics in large audiences if the compounds had a pungent 
odor, even if the amounts accidentally released were too small to create 
a real hazard. The fact that the; polyfluorides used arc chemically stable 
and are not combustible increases their safety factor. 

Brockway, J. I 3 hys. them., 41, 185 (11137;, and sequence. 
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Another use which is gaining ground is in dyes which bear a poly- 
fluorinated group somewhere in the molecule, because the presence of 
the fluorine increases the resistance to oxidation and hence prevents 
fading. The widest present application seems to be the red dye of the 
official German flag. 96 It bears a CF 3 group on a naphthyl radical. 

The practical use of monofluorides, either as such or as intermediates, 
is a more recent development, which is just now undergoing semi-scale 
factory investigation. There seem to be two main applications, petro- 
leum refining and hydrocarbon synthesis. 

In petroleum refining, the scheme is to add a small amount of hydro- 
gen fluoride, which causes the highly unsaturated gum-forming hydro- 
carbons to polymerize or to condense with more saturated ones. 97 
Monofluorides are presumably the intermediate agents; at any rate, 
the resinous material settles rapidly and can be decanted sooner and 
more easily than in the customary sulfuric acid refining. 

In hydrocarbon synthesis, the scheme consists in causing the equiva- 
lent. of a Friedol-Crafts condensation, either between an aliphatic and an 
aromatic derivative, or between two aliphatic compounds. Details 
of experimental conditions and results are jealously guarded by the 
industry. 

The successful commercialization of fluorides is due to two important 
industrial developments, a continuous method of manufacturing anhy- 
drous hydrogen fluoride economically and a continuous met hod of intro- 
ducing fluorine into organic molecules; tioth are well surrounded by 
patents; the; features of the second method are substantially as follows. 

1. When antimony fluoride is used to introduce fluorine into an 
organic chloride, it is transformed into antimony chloride; antimony 
chloride can be acted upon by hydrogen fluoride, to regenerate antimony 
fluoride and give hydrogen chloride as a by-product. 98 

2. Advantage can easily be taken of the fact that each fluorine sub- 
stitution lowers the boiling point by some 40° to 50°. If the operation 
is carried out in a reaction vessel equipped with a dcphlcgmatoi , the 
more volatile fluoride can be allowed to distil off as formed, while the 
chlorides will reflux back into the reaction chamber, further to be sub- 
jected to the source of fluorine." 

The combination of these two principles is illustrated in the manu- 
facture of CCloFo. A reaction vessel, fitted with a dephlcgmatoi , is sup 
Plied with a quantity of antimony salt. Hydrogen fluoride and carbon 


90 

9? 

n 

99 
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Kharaseh, U. S. pat. 2,070,531 31. 4104 (1937)]. 
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tctraehloridc arc continuously fed into it. The reaction generates 
CC1 3 F, CC1 2 F 2 , and HC1, and, if the dephlcginator is properly adjusted, 
substantial separation of the CCUFo and HC1 from the CCI 4 and CCI 3 F 
is accomplished. The HC1 is removed from the discharge of the dephleg- 
mator by passage through water, and after a relatively simple fractional 
distillation pure CCLFo is obtained. 

ANALYSIS 

In general, fluorides are difficult to analyze correctlj’, except in closed 
systems. The reason is that the unstable fluorides may lose hydrofluoric 
acid too easily, while the stable fluorides may escape the field of reaction 
before they are acted upon. 

Gaseous compounds can be analyzed by passage over red-hot sil- 
ica. 100, 10 This treatment decomposes the organic compounds to make 
silicon tetrafluoride, which can be absorbed in an alkaline solution, in 
which the fluorine ion can be titrated. Liquids or solids can be decom- 
posed with sodium peroxide in a Parr Bomb 10 or with calcium oxide in a 
tightly closed steel tube brought to red heat. 43, 101 Other methods are 
generally cumbersome and inaccurate. 


GENERAL REFERENCES 

Moissan, “Le fluor et ses compost's,” Steinlieil, Paris (1900). 

Bockemcller, “Organische Fluorverbindungen," Sam ml. chemischer und chemisch- 
iechnischer Yortrage, New Series, 28 (1930). 

Scherer, A ngew. ('hem., 62, 457 (1939). 

Mayor, Rev, chim. ind. {Paris), 49, 2-10, 30-34, and 64-74 (1940). 
v. Grosse, \Y acker, and Lisd, J . Phys. ('hem , 44, 275 (1940). 

IfJ1) Hubbard and Ilenne. ./. Am. Chew. Sue., 56, 1078 (1934). 

11,1 McNevin and Baxley, Ind . Eng. Chtm., Anal. Ed., 12, 299 (1940). 



CHAPTER 12 

MOLECULAR REARRANGEMENTS 


Everett S. Wallis 


Princeton University 


CONTENTS 

PAGE 


Introduction* OOG 

The Concept of the Formation of Free Radicals and of Ions as Inter- 
mediates in Molecular Rearrangements 068 

Pinaeol Rearrangement 068 

Migration Aptitude 969 

Glycols and Aldehydes 971 

Hypothesis of Free Radicals 07,3 

Applied to Cyclic Compounds 973 

Applied to Benzil 974 

Applied to Pyrazolones 974 

Applied to Peroxides 975 

Applied lo Pinaeols 975 

Discussion of Evidence with 

Hydroxumic Acids, Halogen Amides, and Azides 977 

Hydroxy lamines • • 978 


Oximes 

Benzilic Acid 

Optically Active Compounds 

Hofmann Rearrangement 

Beckmann Rearrangement 

Pinaeol Rearrangement 

Optically Active Alkyl Halides 

Optically Active Amino Alcohols 

Hypothesis of ions 

Applied to Optically Active Amino Alcohols 

Optical Stability of Ions 

Ionic Hypothesis Applied to the Wagner Rearrangement 

Applied to the Pinaeol Rearrangement 

Applied to Terpenes 

Applied to Diazoamino Cotnjaiuiuls . 

Applied to N-Haloacylanilidcs 

Applied to Benzidine 

Rearrangement of N-Alkylanilines . 


979 

980 

981 

983 

984 

985 
988 
988 
988 

988 

989 

990 

990 

991 

993 

994 

995 
995 


965 



966 ORGANIC CHEMISTRY 

1‘AGE 

Rearrangement of Alkyl Phenyl Ethers 997 

Rearrangement of Optically Active Sulfinates 999 

Ionic Hypothesis Applied to Benzilic Acid 1000 

Applied to Butadiene Dibromides, etc 1001 

The Electronic Concept as an Explanation of Intramolecular Re- 
arrangements 1004 

Historical Note H)0t 

Generalized Concept 1005 

Applications 1007 

Rearrangements during Grignard Reaction 1009 

Rearrangements of PoIyym*s 1011 

Dehydration of Alcohols 1012 

Curtius. Lossen, and Hofmann Rearrangements 1013 

Degradation of Camphoric Acids 1013 

Application of Concept to Pinacnl Rearrangement 1015 

Chapman Rearrangement 101ft 

Kinetic Studies of Rearrangements of the Hofmann Type 101(> 

Ethylene Oxides 1013 

Application to Allylic Systems 1013 

Application to Wagner Rearrangement 1019 

Application to Benzidine 1021 

Optically Active Compounds 1023 

Application to Wolff Rearrangement B124 

Stereochemical Considerations H125 


Application of the Modern Theory of Reaction Rates 

Intramolecular Rearrangements 

Activated Complex 

Deductions 

Application to Nit ml inn of Mono-suhstituted Benzenes . 
Application to Pinaeol Rearrangement 

General References .... 


the Study of 

1027 

1028 

1028 

. 1029 

1030 

1031 


INTRODUCTION 

Formulas of the molecules of organic compounds which show the 
arrangement of their constituent atoms are called structural formulas. 
The methods used in the determination of these structural formulas are 
based upon certain well-known principles. Often in the application, of 
these fundamental concepts it is necessary to carry out chemical reactions 
which involve addition, substitution, and the elimination of simple 
molecules such as nitrogen and water. In such organic reactions it 
seldom happens that quantitative yields of the desired products ait 
obtained. Side reactions occur, and in many instances the compounds 
so produced are the main products of the reaction. Two illustrations 
may be given to show to what extent this may take place: (a) the prepa- 
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ration of tertiary butyl compounds from isobutyl alcohol and its de- 
rivatives; (5) the action of nitrous acid on neopcntylaminc which pro- 
duces none of the corresponding alcohol but yields dimethylcthylcarbi- 
nol. The compounds produced by such “side reactions” are generally 
the result of rearrangements of the molecules or of their fragments during 
the reaction process. Therefore, it is of great importance in all phases 
of organic research to have a knowledge of these rearrangement proc- 
esses, to study the various mechanisms which have been proposed to 
account for these changes in order that one may be able to foresee when 
rearrangements arc to be expected, and to know with certainty when 
they have taken place. Failure to do this has caused the best of investi- 
gators to make unfortunate mistakes. 

In order to outline definitely the scope of this discussion, and for 
purposes of greater clarity in what is to be written later, it is to be under- 
stood that in this chapter the term “rearrangement” refers to an irre- 
versible reaction which produces a change in the structural arrange- 
ment of the molecule with or without the elimination of simple mole- 
cules such as water or a hydrogen halide, and which may or may not 
be unimolccular in its nature. Therefore, subjects such as mutarota- 
tion, racomization, Walden inversion, and tautomerism will be omitted. 
They are essentially reversible processes. 

With this definition in mind it is readily seen that transformations 
of this kind are very common in organic chemistry; in fact, they have 
been observed ever since Wohler published his synthesis of urea by a 
molecular rearrangement of ammonium cyanatc. Consequently, it will 
be impossible in the scope of this chapter to enumerate and to discuss 
all classes of compounds which undergo a change in the atomic arrange- 
ment of their molecules during various reaction processes. In this par- 
ticular study of the subject a different approach is necessary. 

A careful examination of the many hypotheses and theories which 
have been enunciated to explain the mechanisms of various rearrange- 
ment processes shows that most of these explanations can be classified 
into two groups: (1) Those older interpretations which assume in one 
form or another the formation of intermediate compounds during the 
reaction. In these explanations the intermediate compounds which aie 
assumed to be formed vary widely. In some cases they take the form of 
r ings such as cyclopropane and ethylene oxide. In others olefinic com- 
pounds are assumed to be the first products of the reaction, and in still 
others investigators have assumed the intermediate formation of biva- 
lent carbon compounds, etc. (2) Those more recent points of view which 
would explain all rearrangements on a common basis of free radicals, or 
°f ions, or of an electronic mechanism which does not involve the for- 
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mation of any intermediate compounds during the rearrangement. It 
is now the purpose to discuss these more modern points of view and 
where possible for the purpose of illustration to apply them to various 
classes of compounds which have been found to undergo rearrangement. 
For a discussion of the older interpretations the reader is referred to 
Chapter 8 of the first edition of this treatise. 


THE CONCEPT OF THE FORMATION OF FREE RADICALS AND OF IONS 
AS INTERMEDIATES IN MOLECULAR REARRANGEMENTS 


In 1859 Fittig 1 published the results of a series of experiments which 
he had made in a study of the reducing action of sodium on acetone. 
The compound pinaeol was obtained. In the following year he pub- 
lished a paper which showed that if this substance be heated with sul- 
furic acid a ketone, pinacolone, is produced. 


(CH 3 ) 2 C 

i i 

OH OH 


/> 

Heat 

C(CHj) t (CH 3 ) 3 C-C-CH 3 

I 


Numerous examples of this reaction, now known as the pinaeol rear- 
rangement, have been found since the time of Fit tig’s discovery, for 
not only has the mechanism of the process involved in the rearrangement 
been the subject of much discussion, but also it has been recognized 
that in this reaction there is a method for comparing the migrational 
tendency of different groups, and thereby getting data which will throw 
light on the problem of affinity distribution in molecules. It is therefore, 
feasible to cite a few typical illustrations to show the extent to which 
this rearrangement has been studied. 


Pinacols of the type Rk /R 3 have been prepared in which 

>c— < 

R/ I I Mt 4 

OH Oil 


Ri, R 2 , R 3j and R 4 are aliphatic or aromatic groups. Symmetrical 
pinacoLs of the aromatic series have lx?en obtained by Gombcrg and 
Bachmann 2 by a method which involves the use of a mixture of mag- 
nesium and magnesium iodide to reduce the ketone. Unsymmetrical 
pinacols of necessity have to be prepared by other methods. Extensive 
studies have been made on the rearrangements of these compounds m 
order to determine the nature of the ketones which are formed. Many 

1 Fittig, Aim., 110 , 23 (1859) ; 114 , 50 (1800). 

2 Gornberg and Itu-brnaim, J. Am. ('hem. Soc ., 49 , 236 (1927). 
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investigators 3 have tried to formulate rules which can be used to predict 
with some degree of certainty the course of the rearrangement when 
the four groups are different. Most of these attempts have failed, for 
the ease with which different groups migrate within the molecule is not 
wholly a property of the group itself, but Is dependent to a varying 
extent on the molecule as a whole. In the symmetrical pinacols of the 
aromatic series the differences in “migration aptitude” of the groups 
arc more constant. Baehmann and Moser 4 have made an extensive 
study of the rearrangement products of certain pinacols of this type. 
1 heir results aie of special interest, and a summary taken from their 
paper is listed below. A deduction of the relative “migration aptitude” 
from the values thus obtained has enabled these investigators to pre- 
dict with a good degree of accuracy the yields of the ketones which other 
symmetrical aromatic pinacols should give. Thus, they predicted that 
the pinacol 


p-BrCsH^ 

7>CahC 6 H/ 


C— c< 


on on 


/Celljbr-p 
'CeHAIl 5 -j> 


upon rearrangement would yield a mixture of ketones showing 6 per cent 
migration of the p-bromophenyl group and 94 per cent migration of 
the biphenylyl group. In an actual experiment it was found that the 
rearrangement took place with 4.5 per cent migration of the p-bromo- 
phonyl group and 95.5 per cent migration of the biphenylyl group. Such 
results indicate that in the symmetrical pinacols the migration aptitude 
is dependent to a large extent on the particular group, and not on the 
molecule as a whole. Studies by other investigators 3 have led to a 
similar conclusion, and lists have been made which arrange the groups 
m order of decreasing migration aptitude. One such list 3 goes as follows: 


p-anisyl > p-tolyl, p-biphcnylvl, a-naphthyl > 
jHBOpropylphrnyl > p-ethvlphcnyl, p-fluorophcnyl > phenyl, 


p-iodophenyl > 


p-hmmophcnyl, p-ehlorophenyl > o- or m-cliloro- or 
broinophcnyl, wi-tolyl > m-anisyl. 


However, it should be noted that as yet no rigid rule can be formulated 
to predict the extent of the migration of the groups when the pinacol is 
Asymmetrical. Kven in the symmetrical pinacols other factors play 


3 See .Inn. Rejfc. Cbm. Soc. (London), 27. 114 (1930), for a review of this subject and 
for a compilation of references. 

4 Baehmann and Moser, J . Am. Chew . Soc., 54, 1124 (1932). 

3 -dan, Rcpta. Cbm. Soc. (London), 27, 118 (1930). 
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Migration of Groups 







- 

Finaeol 

Group 

Migra- 

tion 

Pinacol 

Group 

Migra- 

tion 

p-CH 3 — C 6 H.w 

WT 


P-Tdyl 

94 


* p- C llg — O — CVJ 

>o- 

Cell/ | 


/j-Anisyl 

98.0 

L OH J 


Phenyl 

G 


L OH J 


Phenyl 

1.4 

i»-CHj-C 6 H 4 v 

>- 

P-CelU— Ofilf/ j 


p-Tolvl 

p-Bi- 

57 


■p-CH3 — O — CeHiy 

>- 

P-CH|-C 6 h/ I 


p-Anisyl 

90.7 

L Oil J 

2 

phenyl yl 

43 


OH _ 

2 

p-Tolyl 

3.3 

r m-ClI 3 - O e H 4X n 

be— 


wi-Tolyl 

G6 


-/1-CHi— 0 — c 6 h 4x 

yv— 


7>-Anisyl 

90,8 

Cell/ | 





P-C 6 H 5 — Cell/ ! 


p-Ri- 


Oil . 


Phenyl 

! 31 


OH _ 

2 

phenyl yl 

3.2 

- ro-CHs— C, 3 Il4\ 


wi-Tdyl 

13 


P-CHj C g H 4x 


/.-Tnlyt 

82 

/S~ 

Cell/ j 


p-Bi- 



A- - 

p-c I- Cell/ 1 


p-Chloro- 


OH _ 

2 

phenylyl 

S7 


oil.. 

2 

phenyl 

? 


an important role in the rearrangement of the groups. For instance, 
Baehmann and Stern berger 6 have shown that when the biphenylenc 
group is present the order and the extent of migration are reversed to 
those in the above tabic, and when unsymmetrical pinacols are studied 
the results 7 show no simple relationships. Therefore, it is evident that 
more data are necessary before all factors which govern the extent of 
these changes are known. 

The pinacol rearrangement also takes place in other classes of glycols. 
Compounds of the type 


R> 

R x 


/OH / OH /OH 

C-CIWH and It— CII Cl I— C 6 ir 5 


have been prepared. These molecules undergo rearrangement 
under varying conditions. For example, 2-melhylpropancdiol-l,2 3 8 
/OH 

(CH 3 )jC— CHjOII, gives isohutyric aldehyde, (CH 3 ) 2 CH— CHO, when 
heated with water at 180-200° in a sealed tube. When hydrobenzoin, 8 

5 Bathrnann and Stem berger, ./. Am. ('Mm. Soc., 55, 3821 (1933) . 

7 Bunhmann and .Stern larger, ibid., 56, 170 (1934). 

8 Nevoid, Iicr„ 9, 448 (1870). 

9 Brener and Zincke, Ann., 198, 141 (1879). 



MOLECULAR REARRANGEMENTS 


971 


^OH /Oil 

CJ 1 &CH — -CHCaHs, is wanned with sulfuric acid, diphenylaeetalde- 

/ H . 

liydc, (CfiH^CII— C^O, is obtained in good yield. Compounds of the 

K /° H / H 

type >C 0=0 also give rearrangement products. Danilov 10 

R/ 

lias shown that, when an alcoholic solution of benzilie aldehyde, 
/Oil 

(CeH^oC— CHO, is warmed with a small amount of sulfuric acid, 

i/ 0,I /° 

benzoin, Cell&C C — C« 1 T&, is produced. Semi-pinacols 11 undergo 

this type of rearrangement. Thus l-phenyl- 2 -propylpontanediol-l, 2 , 
/C3II7 

C c H&CH(OH)COH, in the presence of cold sulfuric acid gives 
C ( H:, V /° 

5-phcny loctan on e-4 , yClICz—Cally. lb however, hot dilute 

CMS 

sulfuric acid is used as the rearranging agent a semi-hydrobenzoin 

CcIR/ /II 

change occurs, and phenyldi-n-propylacetaldehyde, C3H7— C— C ^0, is 

C 3 Il/ 

formed. It should also be pointed out that this pinacol typo of re- 
arrangement is not necessarily confined to straight-chain compounds. 
In a study of the condensation which takes place between urea, or 
substituted ureas, and bonzil Biltz 12 has prepared cyclic compounds 
of the following type and has found that they undergo rearrangement in 

C 6 H 5 

I 

HO C — -X— R 

>C— 0 

IIO C -N--R 

I 

C G II 5 


the presence of sodium hydroxide. For example, 4,5-diphenylglyoxa- 
Ione glycol gives diphenylhydantoin: 

10 Danilov, Iitr., 60, 2390 (1927). 

11 Tiffcneau and T.vvy, Butt. soc. chim HI 33, 73o (1923). 
n Biltz, Her., 41, 1385 (1908). 
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C 6 H 5 

HO C NH 

| ^>C=0 

HO C NTT 


(C 6 H 5 ) 2 C NH 


>C=0 


0=C NH 


C 6 H 5 

4, 5 Diphrnylglynxalonp Glycol 


Diphenylhydantoin 


N I an\ r other examples 13 of this type of rearrangement in rylic com- 
pounds are known, but the underlying principles involved are essentially 
the same. 

These few typical illustrations of the pinacol rearrangement have 
been given not only to show’ how T very common conversions of this kind 
are in organic chemistry, and to what extent they have been studied, 
but also to show* how important it is that chemists have an understand- 
ing of the mechanism of the processes by means of w’hich such rearrange- 
ments take place. Many reactions which at first sight seem to be very 
different are found in reality to be very similar in their nature and can 
lx* grouped together and explained on the basis of a common mechanism. 

A survey of the literature shows that in the hypotheses winch were 
first put forward to explain rearrangements of this type attempts were 
made to avoid the assumption that atoms and groups within a molecule 
can undergo a direct interchange. Investigators in this field preferred 
to assume that such reactions involve the formation of relatively stable 
intermediate compounds. As stated in the introduction these com- 
pounds take the form of cyclic rings. For this particular rearrangement, 
cyclobutane and ethylene oxide intermediates were assumed. For other 
types of rearrangements cyclopropane derivatives and olefins were 
postulated. As further studies were made, however, on compounds 
w’hich undergo these irreversible reactions involving a change in the 
structural arrangement of the molecule, facts were found in abundance 
which clearly showed the fallacy of this basic idea and the dangers in- 
volved in making such efforts. As a consequence of the limited applica- 
bility of such concepts there has emerged the fact that “step by step 
mechanisms of these types cannot be used to formulate changes which 
so often take place within the molecule itself and which are intramolec- 
ular in their nature. Therefore, it is not surprising to find that investi- 
gators have adopted a different view and that as a result hypotheses of 
a different type have been formulated. 

13 Mcerwein, Ann. { 396, 211 (1913). See aluo, Porter, “Molecular Rearrangements 
Chemical Catalog Co., New York (1928;. 
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The theoretical and experimental investigations of Nef 14 contributed 
greatly to this change in ideas. It is now recognized that the chemistry 
of bivalent and trivalent carbon plays an important role in many fun- 
damental reactions of organic chemistry. Applications of these con- 
cepts have been made to the reaction mechanisms involved in molecular 
rearrangements, and today it is found that many theories have been 
advanced which in one form or another assume dissociation of a mole- 
cule into fragments. 

Nef was the first to explain rearrangements on this basis. Cyclopro- 
pane may serve as an example. It is to be recalled that when this com- 
pound is heated in contact with certain catalytic agents propylene is 
formed. A dissociation into active molecules containing free valences 
is first assumed to take place. In this active state migration of a hydro- 
gen atom occurs, and propylene is produced. Nef formulated the various 
steps as follows: 


CHs 


/ \ 
CHs— ci r* 

Heat or catalyst CU OH Oil 

dissociation 

Further 

----- - > 

dissociation 

— CII 2 — CII 

1 

HearrariKt-mcnt ' 

- Cil, - — > Oils -Oil— CH 2 — 

CII3 — < 

H 




He advanced a similar mechanism to explain the rearrangement of 
propylene oxide into acetone and propionaldehyde. 


0 \ °\ 

CITs — CH-CJIa * CH 3 — C— CHar- 

H 


0- 


/ 


,0 


CII3 — C l I — -C 1 1 1 2 0113-0-0113 ^ CHiC-CH, 


C 1 1 3 — Oil — CH2 — 0 -> CII3— CH— OH 0 

I ■ H 

1 II 

CII3-CII2-OH- O ^ 01 la oh 2 c=o 


11 For compilation of references consult Henrich, 
translation by Johnson and Halm, John Wiley & ons. 


‘Theories of Organic Chemistry,” 
, New York (1922), Chapter XIV 
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Since no detectable amount of vinyl methyl ether is formed in the re- 
arrangement it was concluded that a dissociation involving a cleavage 
of the carbon-carbon bond did not take place. 

Nef also assumed predissociation in his mechanism for the benzilic 
acid rearrangement. 15 Although his particular formulation has had to 
be abandoned because of facts subsequently discovered, Schroeter 16 has 
proposed the following modification: 


C 6 H 5 C=0 

I 

001*0=0 


OH 

/ 

-> KOOH CJIb— C< 

OK 

| \ 

>0 

CflHiCO 

C 6 H 6 

/OH 


(C 6 H 6 ) 2 C=CO -f KOOH -> (C fi H*)*C 


v COOK 


According to this formulation diphenylketene is the intermediate prod- 
uct during the reaction. 

Schroeter and Waehendorf 16 found evidence for this mechanism in 
the fact that they succeeded in preparing diphenylketene from azibenzil 
in good yield. 


C$Hj> — C< 


/N 

W 


C 6 1I 5 C< 


) gently 

C— Cells 


0 

/° 

C— CJIb 


(C 6 IU) 2 C — C — 0 N 2 


It is of interest to note that this concept has been used to explain 
other types of molecular rearrangements. Instances arc known in the 
indole derivatives, and in the pyrazoles where a methyl group transfers 
its position from a carbon atom to another carbon atom during reduction 
processes. Brunner 17 has reported that l-phenyl-3,3-dimethyIoxindole 
yields l-pheiiyl-2,3-dirnethylindole when reduction is carried out under 
suitable conditions. 



ih 


, C—Clh 


XC«H 6 


NCiII, 


Again, Knorr 18 has shown that l-phenyl-3,4,4-trimethylpyrazol<>no 

1S Nef, Ann., 298, 372 fl897) ; 335, 272 (1904). 
w Hchroetur and Waehendorf, Iier., 42, 2330, 2339, 3301 (1909). 

17 Bmnner, Monalxh., 21, 179 (1900). 

18 Knorr, Her., 36, 1272 (1903). 
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on reduction with sodium and alcohol yields l-phenyl-3,4,4-trimothyl-5- 
oxypyrazolonc, which when treated with mineral acids produces l-phen- 
yl-3,4,5-trimethylpyrazole. 


(CH 3 ) 2 C- 

o=c 


-CCH, „ 2 (CH 3 ) 2 C- 

II — > H \ I 

N >C 

/ HO- 7 N 


-OCHa 

N 


NC 6 H b 


nc 6 h 5 


CH 3 C CCH 3 

II || + HjO 

ch 3 c n 


\ / 

NC a H* 


Other reactions are known and are discussed by him, and for them all 
Knorr has proposed the following mechanism. 

/ n / 

R -C=0 H * r— C— oh R— C< R— C — CIIj 

I A I -* I X + II 2 0 -> l| + H,0 
I /CH 3 I /CHs I /CIIj R 1 -C-CH 3 

Ri-oc Ri-C<; Ri-c< 

X CII S x CHa x CH 3 


In this connection the rearrangement of triarylmethyl peroxides is 
of interest. Wicland 19 has formulated the process in the following 


manner: 


(C.H fc )>C- 0— 0— C(C,H # )» 


Heat 8 
minutes in 


boiling 

xylene 


2(C 6 H 6 ) 3 C-0— 


2(CdL)a— C — OCell & 

I ‘ 

(C«1 1 5 ) 2 — C — OC .Hi 
(C«Hi)i-C»OC.H, 


It remained for Tiffeneau and his colleagues 20 to apply this concept 
to the pinacol and allied rearrangements. After extensive experimental 
studies these investigators came to the conclusion that a mechanism 
based on dissociation into active molecules with free valences best ex- 
plained this type of change and that loss of water preceded the rear- 
rangement. According to them the pinacol rearrangement is to be 
formulated as follows: 


R 

It 



R 

R 




H 2 0 + >c C\ 

1/1 I 
0— 


It 


/°/ R 

R— C— C-R + IIjO 


It is Tiffcneau’s 50 belief that in all rearrangements which involve the 
elimination of simple molecules such as water and nitrogen, and are 
truly intramolecular in their nature, a dissociation into “intermediate 


19 Wicland, B«t., 44, 2250 (1911). 
so Tiffeneau, Iirv. ghi. 18, 683 (1907); Hull. soe. chtm. 
143, 684 (1906). 


, [4] 1. 1221 (1907) ; Cornpt. 
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systems which possess free valences” first takes place, instead of inter- 
mediate compounds with saturated valences which are more or less 
structurally stable. Thus the rearrangement of phenylhydroxypivalic 
acid ester which involves a migration of the carbalkoxyl group is for- 
mulated as follow's: 


C 6 H i CH(OH)C(CH 3 ) 2 COOR 


CeHsC- 


+ H,0 -> CJI B — C—COOR + HjjO 


C(CH 3 ) 2 COOR C(CH,) a 


The transformation of glycols such as hydrobenzoin is represented in 
the following manner: 

I 

0 TT 

I I / n 

C»HjCH(OH)CH(OH)C*Hb CelljCII — C — CeHt 4* HiO - (C«H 6 ) 2 CH-C-0 


H 


The mechanism for the benzilic acid rearrangement becomes: 

/Oil 

— * /OH 

| /OH + II iO - (CsHihC— COOH 
C$HbC — 0 — 

Tiffeneau also assumes the intermediate formation of active molecules 
with free valences in the rearrangement of methylanilino into p-toluidine: 
of N-alkyl- and N-acylpyrroles into C-alkyl- and C-acylpyrroles; of 
phenylhydroxylamine into p-aminophenol; of hydra zoben zone into ben- 
zidine, etc. He has also applied his mechanism to rearrangements in 
the camphor derivatives. 

Essentially the same conclusions have been reached by Montague 21 
and by Meerwein 13 ’ 22 in their experimental studies of the pinacol rear- 
rangement. They have also shown that cyclic compounds are not found 
as intermediates. Meerwein and his co-workers believe with Tiffeneau 
that in these rearrangements the change is caused by a direct loss of 
w ater from the pinacol, and subsequent migration of a radical. As they 
have pointed out, it makes no difference iu the symmetrical glycols which 
hydroxyl group is eliminated ; but with unsymmetrical glycols different 
products can be formed depending on the hydroxyl group which is re- 
moved. Obviously, in general, the less firmly attached group will be 
mainly eliminated, and from the nature of the ketone which is formed 
the relative bond strength of the hydroxyl groups can be determined- 

21 Montagne, Rev. eci., 18, 591 (1907); Der., 51, 1482 (1918). 

22 Meerwein, Ann., 419, 121 (1919). 


C«HbC=0 Alkali 

| + 2H»0 > 

CsH s C=0 


c 6 h*c< 


OH 


C 8 H, 




X)H 

/OH 


Oil 
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Using this approach to the problem Mcerwcin obtained data on the 
affinity of groups in these pinacols. The, phenyl group greatly increases 
the reactivity of the adjoining hydroxyl group. In the aliphatic series 
he finds that the “valence requirements” of the normal alkyl groups 
diminish with increasing number of carbon atoms, but that this is not 
continuous; the alkyl groups with an odd number of carbon atoms have 
greatei affinity than those with an even number of carbon atoms. Using 
light and heavy lines for the bonds he has formulated the reaction as 
follows: 


C 6 H 5 . 

/ c 

CJV 


/OH yOU C,H, 


-C— R 

\r 


C.H, 


\ / / 

yC — C -R + 1I 2 0 


/ 


.0 


CHjv / 0H /° H 

C— CHr-CIIj 

\lH 2 — CH 3 


(C«H 6 )jC— C— R + HjO 

I 

R 


CH 


CHj, / /° 

)c— C— CjHs + HjO 

ch/ \ca 


CHj^ yO 

-> CHj— C— C— CjHi + H 2 0 


CjH/ 


This concept of the intermediate formation of molecules with free 
valences has been advanced to explain the mechanism of the Curtius, 
Hofmann, and Lossen rearrangements. Tiemann 23 first suggested that 
an unstable univalent nitrogen derivative is formed as an intermediate 
in the conversion of benzhydroxamic acid, C 0 H 5 CONHOH, into aniline 
and carbon dioxide. In a series of extensive investigations on halogen 
amides, RCONHBr, acyl azides, KCON 3 , and hydroxamic acids, 
RCONH(OH), Stieglitz and his students 24 developed this suggestion 
and made it evident that the Curtius, Hofmann, and Lossen rearrange- 
ments are fundamentally alike. Stieglitz proposed that the mechanism 
be formulated as follows: 


/°/X 
R — C — N< 


r / 

R-C-tiC + XY 


R — N=CO + XY 


The isocyanate which us formed then reacts with water to produce 

*’ Tiemann, Bcr., 24, 4163 (1891). it _ . , 

4 1* or a compilation of references si*e Porter, “Molecular Rearrangements, Cheimca 
Catalog Co., New York (192S), p. 10. 
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amines, and with alcohol or phenol to give urethanes. The action of 
amines on the isocyanates yields the substituted ureas. Focusing their 
attention on the effect of the groups X and Y these investigators also 
demonstrated that transformations of this kind take place in other 
nitrogen compounds, and that one can expect rearrangements when 
X and Y are of such a nature that they can be removed as simple mole- 
cules such as water, nitrogen, halogens, and hydrogen halides. A few 
examples will serve to illustrate this point. 

Triphenylmethylhydroxylamine and its related compounds have 
been found to undergo rearrangement. Stieglitz and his students have 
shown that the hydroxylamine, haloamine, dichloroamine, and azide 
rearrange to give the same product — the phenylimide of bcnzophenonc.- 5 
Their formulation follows: 

Htrn H0H 

(C 6 II 5 ) 3 C— X< -> (C fi H 5 ) 3 C-X<( + " nr 

M)H(Rr)(Cl)(N 2 ) x v 2 


- (C 6 H 6 ) 2 C=N-C 6 Il5 


It is also known that an alkvl group may be substituted for a phenyl 

/ / Cl \ 

group. Methyldiphenylmethyldichloroamine,- 6 (C6H6) 2 C(CH :} )1 ^ I , 


yields the phenylimide of acetophenone. 

This last reaction is of interest in that it shows the migrational apti- 
tude of a methyl group as compared to a phenyl group. Other studies of 
this nature have been made on these compounds. Morgan 27 has ob- 
served that substitution of a halogen in the benzene nucleus of triphenyl- 
methylhydroxylamine has little effect on the migrational aptitude. 
Three products in relatively equal amounts are formed when p-bromo- 
phenyl-p-chlorophenyl-phenylmethylehloroamine undergoes rearrange- 
ment. 

Schroeter 16 has used this mechanism to explain the formation of 
tetrazoles from diazides. 



2S Sticglitz and Vosburgh, lUr., 46, 2151 (1912) ; Vo.sburgh, J. Am. Chnn. 
(1910j; Stieglitz arid I.cerh t Her., 46, 2147 (1913); J . Am. ('hem. Hoc.. 36, 27- 
Senior, ibid,, 38, 2718 (1910). 

245 Neff, Thesis. University of Chir-ago (1927) [C. A., 22, 3039 (1928)]. 

27 Morgan, J. Am. (,'f u:m. (Sue., 38, 2095 (1910). 
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Curtius 28 has shown that benzylazide yields methylene aniline on 
rearrangement. Benzylidoncimidc is obtained as a by-product. On 
the basts of the mechanism of Stieglitz the reaction Is to be formulated 
as follows: 


CsHfiCHz N<^ || C 6 H b CH 2 N<^ + N 2 ° f % C 6 H b N=CH 2 + N 2 

\ phenyl group * 


Migration of a 


hydrogen atom C0H5CH — NH -f- N2 


Stieglitz A used this concept to explain the Beckmann rearrangement 
of oximes into amides. This reaction takes place when an oxime is 
treated with such reagents as phosphorus pcntachloride, phosphorus 
oxychloride, or acetyl chloride. Hantzsch 29 had previously proposed 
that, a chlorimidoketone was formed as an intermediate compound in 
this rearrangement. 


>C=NOH 

IV 


PCI; 

Acetyl chloride, etc. 


R\ 0 

/C— NCI -> \>=N-R — > 

iv or 

0 

1 \ / 

)C==\ T R R— C— N- 

HCK 


dt 

dl 


Stieglitz and Peterson 30 examined this mechanism by preparing several 
chlori mid oke tones and studying their chemical properties. They found 
that these compounds did not rearrange under the conditions which 
bring about the conversion of oximes into amides, and from their results 
they were compelled to conclude that they were not formed as inter- 
mediates during the rearrangement process. A mechanism was then 
proposed which assumed the intermediate formation of a univalent 
nitrogen compound, thereby placing this rearrangement on a common 
basis with those changes of the Curtius, Hofmann, and Lossen types. 
According to them the first step in the process involves an addition of 
hydrogen chloride to the oxime. Loss of a molecule of water produces 
the univalent nitrogen derivative. They formulated their mechanism 
m the following manner: 

Cl 

R \ R x / /II R \ 

/C=NOH + HCl -> V— n *° + / C -“ N < 

W r/ \)H *- 

OH 


Cl 


Cl 


R — C=NR 


h 2 o 


R— 0 »N— R 


2S 

29 

30 


Curtius and Darapsky, J. pr ail. Chan., [2] 63, 428 (1901) ; Bar., 35, 3229 (1902). 


Hantzsch, Bcr., 35, 3579 (1902). 

Stieglitz and Peterson, Her., 43, 782 (1910) ; Peterson, Am. 


Chcm . J., 4$, 325 (1911). 
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From the illustrations which have been given it can be seen that this 
concept of the intermediate formation of active molecules with free val- 
ences has found widespread use. However, the application of this view 
to experimental facts which have been obtained since the idea was pro- 
posed reveals the fact that frequently its employment is open to criticism. 
For example, Nicole t and Pelc 31 have criticized Schroder’s interpretation 
of the benzilic acid rearrangement which postulates the intermediate 
formation of a bivalent carbon compound, and of diphenylketene. 
They state that this theory involves the assumption that in the presence 
of hydroxy lie solvents diphenylketene will add the potassium salt of 
hydrogen peroxide to give benzilic acid more rapidly than it adds water 
or alcohol From their experimental results they are forced to conclude 
that this is not the fact. However, they arc careful to point out that 
their work does not show the impossibility of active molecules with free 
valences. It is only with Schroeter’s application of the concept that 
they are in disagreement. 

The concept does not take into account certain factors which have 
a pronounced effect on the tendency of molecules to undergo rearrange- 
ment. In their studies of the Curtius, Hofmann, and Lessen rearrange- 
ments, Jones and students 320 have shown that the eiiso of such transfor- 
mations does not depend solely on the nature of the groups X and 
Jones and Hurd 326 made a comparative study of the rearrangement of 
monophenyl-, diphenyl-, and triphenylacethydroxamic acids and their 
derivatives. They found that the ease of rearrangement was greatest 
with the derivatives of triphenylacethydroxamic acid. The derivatives 
of monophenylacethydroxamic acid showed the least tendency to give 
rearrangement products. On the basis of their results they suggested 
an interpretation of these reactions based upon the electronic conception 
of the chemical bond, and they put forward the generalization that “the 
ease of rearrangement is dependent upon the tendency of the radical K 
in the univalent nitrogen derivatives to exist as a free radical. Then 
formulation which excluded the oximes is as follows: 

II R 

;o;c*:N:x -* x:Y+:o;c:x: -» ;o;c;n:r + x:y 
Y 

Evidence in support of this hypothesis has been submitted by Joins 
and Root , 320 These investigators studied hydroxamic acids which ate 

31 Nicolet and Pelc, J. Am. Chum. Stic., 43. !KJ5 (1921). 

33 (a) Jones and Neuffer, ibid., 39. ft59 (1917); Jones and Warner, ibid., 39, 413 ^ 

Jones and Wallis, ibid., 48, 169 (192ft); Jones and Root, ibul., 48, 181 0926) ; J° Iiea ' 
Mason, ibul., 49, 2628 0927) ; Dougherty and Jones, ibid., 46, 1535 (1924). (b) Jones 
Hurd, ibid., 43, 2422 (1921). 
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isomeric with triphenylacethydroxamic acid, o- and p-Benzhydryl- 
benzhydroxamic acids were prepared. In both these compounds they 
found that rearrangement of their derivatives does not occur at tem- 
peratures at which the isomeric triphcnylmethyl compound rearranges. 
Thus, the ease of rearrangement depends upon the electronegativity 
of the groups fastened to the central carbon atom of the radical. 

Hurd 33 has prepared certain derivatives of N,N-diphenyl-N'- 

/> 

hydroxyurea, (CeH 6 )*N— C— NTIOTI, and has found that they give re- 
arrangement products, but that the change does not occur in the corre- 
sponding N-monophcnyl derivatives. 

The mechanism by moans of which the R group originally attached 
to the carbon atom, migrates to the nitrogen atom has been the subject 
of much discussion. Its electronic nature has been given different inter- 
pretations. It is generally accepted that in these rearrangements a shift 
of an electron pair takes place from the carbon atom to the nitrogen 
atom. Jones 34 considered the group to be of the nature ot a positive 
radical. In this interpretation the electron pair and the group held by 
it do not migrate together. Jones and Hurd 32 * assumed that during 
the rearrangement the radical exists momentarily as a free radical. 
Stieglitz 35 has postulated that the group is essentially a negative radical, 
and that during such rearrangements the electron pair with its group 
shifts from the carbon atom to the nitrogen atom. 

In an attempt to gain further insight into the mechanism of such 
rearrangement processes Jones and Wallis 32 ® studied the nature of 
the products formed when the radical, R, contains an asymmetric 
carbon atom. They found that d-bcnzylmethylacet azide rearranges 
readily to produce an optically active isocyanate which on hydrolysis 
gives an optically aolive amine hydrochloride. 


0 

CrflsClIjv / 

W) V-ii- c-n\ il 
cn/ 


H 

C 6 H 5 CH 2v | h*o 




H ' 

Cell&CTIax I 

>CH— NH, 


Cl" 


Similar rearrangements have been carried out on the corresponding 
optically active amide, and hydroxamic acid. From these expenm 
the fact has emerged that not only are the products optically active in 


n Hurd, J. Am. Chan. Soc ., 45, 1472 (1923). 

!! J. oues ' Am - Chnn - J - 50, 441 ofi0 (19U) . Rtieglitz and Stagner, ibid., 

Stieglitz and I.perh, J. Am. (hem. Soc., 36, -• (1915). 

1. 2047 (1916). Stieglitz and co-worker Proc. A all. Acad. fi*. I ■ S., 1. 
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all three cases, but the value of the rotatory power of the amine hydro- 
chloride formed in the rearrangements is the same. This strongly indi- 
cates that during the reaction partial racemization does not take place. 
The conditions used in the three experiments are very different, and it 
is highly improbable that the same degree of racemization would occur. 
Any interpretations of the electronic nature of the radical during the 
reaction process must explain this fact. 

In the discussion of their experiments, Jones and Wallis 320 suggested 
two possible interpretations, (a) The group migrates as a positive 
radical, and is of the nature of a carbonium ion. This is essentially an 
ionic hypothesis and the interpretation is suggested by the fact that 
there are many reactions in which substitution on an asymmetric carbon 
atom docs not lead to racemization. It implies that a positive charge 
may pluv the part of a fourth group in maintaining asymmetry, an idea 
first enunciated by Biilniann 36 to explain the action of the silver ion on 
d-a-bromopropionic acid, and more recently used by McKenzie and 
co-workers 37 to explain the experimental results obtained by them in 
their study of the rearrangements of certain amino alcohols. It will be 
shown subsequently that there are serious objections to this idea. (6) 
The rearranging group dot's not exist either as a positive, negative, or 
neutral free radical but “in some way before the group actually parts 
company with its carbon neighbor, the univalent nitrogen atom has 
begun already to exercise its influence on the radical in such a manner 
that when cleavage actually does take place a change in the configura- 
tion of the groups about the asymmetric carbon atom is prevented. ’ 
They imagined this influence to be of the nature of a partial valence 
and pictured the univalent nitrogen derivative in the following manner: 


Cj H 7 



:0;cfx* 


This interpretation implies that in molecular rearrangements which are 
intramolecular in nature the rearranging group is at no time actual!} 
free and unattached. From this viewpoint, the work of Wieland on the 
occurrence of free radicals in chemical reactions is of interest. Othei 
facts recorded in the chemical literature substantiate this view. 

It is well known that triphenylmethyl is an excellent reagent for the 

^ Biilrnann, Ann ., 388, 330 (1912). 

37 McKenzie, Roger, and Wills, J. Cfutm. Hoc., 779 (1920). 
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detection of free radicals. For example, Wieland 38 has used it ia his 
experiments on tetraphenylhydrazine. Schlenk 39 h?is shown that when 
diazomethane is allowed to decompose under suitable conditions in the 
presence of triphenylmethyl the formation of ethylene is prevented. 

N 

/| 

CH a +2(C 6 II 5 ) 3 C > (C 6 II 6 )3C-CII 2 -C(C 6 ll5)3 + Ns 

\l 

N 

With these facts in mind Wallis 40 studied the nature of the products 
formed in certain molecular rearrangements when the reactions were 
carried out in the presence of free radicals. In the absence of this highly 
unsaturated compound, V)enzy\methy\ac(Aazide rearranges quantita- 
tively to give benzylmethylmethyl isocyanate. 320 If this same reaction 
is allowed to take place in the presence of triphenylmethyl it can be 
readily seen that if the rearranging group in its migration from the car- 
bon atom to the nitrogen atom exists as a free radical the formation of 
two isocyanates is possible. It would be expected also that, if a uni- 
valent nitrogen compound were formed as an intermediate, an addition 
compound with triphenylmet hyl would result. But this is not the fact. 
When a benzene solution of benzylmethylacctazide is allowed to rear- 
range in the absence of oxygen in a benzene solution of triphenylmethyl 
only one isocyanate is produced. No additional compounds with uni- 
valent nitrogen derivatives arc formed in detectable amounts. A quan- 
titative determination of the amount of oxygon absorbed by the free 
radical remaining after the rearrangement also shows that none of it 
takes part in the rearrangement. 

Further evidence in support of this view has been obtained by W allis 
and Moyer, 41 who studied the Hofmann rearrangement of d- 3, 5-dinitro- 


NOo 

O n ° 2 

CONH 2 


6-a-naphthylbenzamidc. The convcmiou was brought about m the 
usual manner by the action of sodium hypobromite. The anunc so 
obtained was found to be optically active. 

It is to be noted that in this molecule optical activity is due to molec- 
ular asymmetry conditioned by the. restriction of free rotation a ou ic 

38 Wieland, “Die Hydrazine," Enke, Stuttgart. 1913. . 

39 Sehmidlin, “Da# Triphenylmethyl." Enke. Stuttgart. 1914 (Invest, gator bchlenk). 

40 Wallis, ./. Am. Chem. Sac., 51, (1929L 

41 Wallis and Moyer, ibid., 65, 259S (1933). 
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axial bond. The rearrangement takes place with no change in sign of 
the rotatory power, and in such a manner as to produce no detectable 
racemization. The results show that migration of the rearranging group 
is not possible in any free form, either as a positive, negative, or neutral 
radical, for, if it were at any time free, rotation about the biphenyl 
linkage would be possible, and an inactive or at least a partially race- 
mized product would have been obtained. 

These experiments make it evident that in these types of molecular 
rearrangements intramolecular processes are being dealt with. The 
concept of the intermediate formation of free radicals or ions does not 
explain all the facts because such changes often involve a transference 
of electrons within the molecule itself. For this reason it would seem 
that such rearrangements should be best explained on the basis of an 
electronic mechanism. But before this latter theory is considered it is 
important that mention be made of certain other criticisms which have 
been leveled against a universal use of the concept now under discussion. 

Montagne 42 has criticized Stieglitz’s 24 ’ 25 ’ 30 application of this inter- 
pretation to the Beckmann rearrangement of oximes. He points out 
that the addition of hydrogen halides to the oxime as assumed by Stieg- 
litz breaks the double bond and thereby destroys geometrical isomerism 
since there is no longer restricted rotation between the carbon atom and 
the nitrogen atom. Under these conditions the same intermediate 
compound would be produced from the two geometrical isomers, and 
identical rearrangement products would be expected to be obtained. 
This is known to be contrary to fact. 

Stieglitz has revised his formulation of the mechanism of this change 
to meet this criticism. It has been shown by Schroeter 43 and by Hen- 
rich 44 that the hydrogen halide addition products of oximes are salts, 
and that only those oximes which form salts undergo the Beckmann 
rearrangement. In his revised formulation Stieglitz writes these oxime 
salts as substituted ammonium salts. Boss of water and rearrangement 
take place within the substituted ammonium ion. In terms of the elec- 
tronic conception of the chemical bond his ideas may be formulated in 
the following manner: 

R 1 + [ R 1 + R R 

R:C.:N:0:H R:C::N :C1~: C::N:R C::N’K 

H " J [ J : Cl: :0: 

H 

It has also been necessary to modify the concept of the intermediate 

42 Montagne, Ber., 43, 2014 ( 1010 ). 

43 Schroeter, Ber., 44, 1205 ( 1911 ). 

44 Hcnrich, Ber., 44, 1533 (1911). 
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formation of an univalent nitrogen derivative in order to explain the 
rearrangement of N-triphenylmcthyl-N-methylhydroxylamine: 35 

/CII 8 ^OH 

(C 6 H 5 ) 3 C — N — OH -> (C 6 H 5 ) 2 C-N(CII 3 )(C 6 H 6 ) 

Here, it is not possible to form an intermediate univalent nitrogen com- 
pound in the sense in which it was originally used to explain these re- 
arrangements. Stieglitz also assumes salt formation in this reaction. 
His ideas may be formulated as follows: 


c„h 5 h 

- 

+ 

C 6 H 5 

+ 

c s Hs :C :N: 

OH 

-h 2 o 

;C1-: — 

C 6 H g :C :N: 

:C 1 -: -> 

CeH& CH3 

- 


CsHs CH 3 _ 



- 

c 6 h 5 

c 8 h 5 


C e Ii6 :C :N: C 6 H 6 

1 +HmO 

— =-» C 6 H 5 : 

C :N: C 6 II 



:Cl:CH* 


OH * CH 3 


These views have been criticized by Lachman. 45 He has shown 
that a small amount of the oxime salt of bcnzophenonc is able to bring 
about the conversion of large amounts of the oxime into benzanilide. 
He has also observed that the rearrangement can be carried out in the 
presence of water. He concludes from his experiments that the re- 
arrangement process consists in a direct conversion of the oxime salt 
into the anilide and free acid. 

r H -i+ /° 

L(C6H b ) 2C=NOHJ X- -► C 6 H 6 C— NHCflHfi + HX 

According to him, “dehydration of the oxime salt is an unnecessary 
preliminary step. Dehydrating agents merely help to furnish an an- 
hydrous medium which is a prerequisite to the formation of oxime 
salts.’ ■ ’ 

Lachman 46 has also criticized the fundamental idea of this concept 
of the intermediate formation of molecules with free valences in its 
application to other classes of molecular rearrangements. He is opposed 
to the interpretations of Tiffeneau and others, who picture rearrange- 
ments of the pinacol type as first involving a loss of water. He believes 
that the elimination of water is the last step in the reaction process, 
and that first there is a simultaneous exchange of an hydroxyl group and 

15 Lachman, J. Am. Chcm. Soc., 46, 1477 (1924); 47, 260 (1925). 

46 Lachman, ibid., 44, 330 (1922) ; 45, 1509 (1923). See. also, Kohler and Baltzly, ibid., 
H 4019 (1932). 
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a radical. His mechanism involves the assumption of a mobile hydroxyl 
group, an idea first proposed by Lieben . 47 

/OH / Oil R/ /OH R/ /O 

C C— R ^ R— C— C— OH — > R— C— C— R + H 2 0 

r/ r/ \r r/ 

The same interpretation is used by him to explain the mechanism 
of the benzilic acid rearrangement. 

/OH 

C 6 H 6 C=0 CsHsC — OH / 0H 

| + h 2 o-> /l/ -» (c 6 n 6 ) 2 c — cooh 

C,H,C— 0 C s ITjC=0 


The conversion of benzoin into diphcnylacetic acid, and of dihydroxy- 
tartaric acid into hydroxymalonic acid, is pictured in a similar manner. 
As evidence for the necessity of the assumption of a mobile hydroxyl 
group Lachman cites the fact that the addition compound formed when 
one molecule of benzil is treated with one molecule of sodium ethylate 
does not rearrange in the absence of water, but decomposes in alcoholic 
solution into benzaldehyde and ethyl benzoate. 


/ONa 

C 6 H 6 C— OC 2 H b + C 2 H 5 OH 


/ 


0 


/H 


CeHfeC OC 2 H 5 CsHsC=0 NaOC 2 H 5 


C c H 6 C==0 


The addition compound contains no hydroxyl group. Only on the 
addition of water does rearrangement, take place and produce benzilic 
acid. The significant observation of Kohler and Baltzly 46 is also of 
special interest from this point of view. These investigators have shown 

/°/° 

that hexamethylbenzil, (CH 3 ) 3 C 6 H 2 — C-- C— C 6 H 2 (CH 3 ) 3 , a compound in 
which hindrance prevents addition to the carbonyl group, does not 
undergo the benzilic acid rearrangement. This fact also gives character 
to the argument of those who believe that the first step in this rearrange- 
ment is an addition to the carbonyl group. Nef s 48 views are also shown 
to be untenable. Thus, Lachman has found that benzilic acid can be 
made to yield benzophenone and formic acid. Therefore the order is 
benzil —> benzilic acid — > benzophenone, and not as Nef postulated. 
His experimental results constitute a strong argument against the views 
of Michael , 49 who bases his mechanism on the preliminary addition of 
alkali. Lachman finds that the rearrangement takes place in water 

47 Lieben, Monatsh., 23, 63 (1902). 

48 Nef, Ann., 298, 372 (1897) ; 335, 272 (1904). 

49 Michael, J. Am. Chem. Soc., 42, 812 (1920). 
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solution in the absence of alkali, Although the rate of t-lic reaction is 
slower. Neither does he accept the idea of Tiffeneau 20 that both car- 
bonyl groups are involved. According to Lachman, addition of water 
takes place only on one ketone group. This appears to be supported 
by the fact that the addition compound which is formed with sodium 
alcoholate contains one molecule of benzil to one molecule of the ethyl- 
ate. Scheuing 50 also supports this idea with experimental facts. This 
investigator has shown that in pyridine solution potassium hydroxide 
forms with benzil a compound of definite composition, C 14 H 10 O 2 -KOH. 
At 0 this addition compound slowly rearranges to potassium benzilatcj 
at 80° the conversion is rapid. According to Lachman’s views this can 

X)K 

be expected since the addition compound, c cH— ? contains an 

C 6 H S — C=0 

hydroxyl group. Finally it should be pointed out that the experiments 
of Schonberg and Keller 51 also indicate that the rearrangement does not 
involve both ketone groups. They have demonstrated that to bring 
about the reaction one molecule of reagent is necessary for every mole- 
cule of benzil. From all these facts Lachman has concluded that these 
changes are essentially oxidation-reduction processes, and as such in- 
volve a transfer of electrons. In the discussion of the electronic mecha- 
nism as a common basis for molecular rearrangements this mechanism 
will be considered again. 

Other difficulties are encountered in the application of Tiffeneau ’s 
ideas to facts which have been discovered since the hypothesis was pro- 
posed. From the experiments of McKenzie and his co-workers, 52 it has 
been shown that certain optically active pinacols and amino alcohols 
maintain an asymmetric configuration during rearrangement. It has 
also been shown that when certain optically active fc?t-alkylearbinols 
undergo the Wagner rearrangement optically active products are ob- 
tained. 53 On the basis of the intermediate formation of molecules with 
free valences these facts presuppose that such free radicals can possess 
a transient existence without loss of optical activity. 

A survey of the chemical literature shows that certain recorded facts 
strongly indicate that this is not possible. Pickard and Kenyon 54 have 

* 8 Scheuing, Ber., 56, 252 (1923). 

61 Schonberg and Keller, Ber., 56, 1638 (1923). 

81 McKenzie and Richardson, J. Chan. Soc.. 123, 79 (1923) ; McKenzie and Roger, 
ibid., 125, 844 (1924) ; McKenzie and Dcimler, ibid., 125, 2105 (1924) ; McKenzie and Vi ills, 
ibid,, 127, 283 (1925) ; see also Ann. Reptn. Chem. Soc. (London), 27, 115 (1930) ; 30, 1S4-1J-5 
(1933); McKenzie and Myles, Ber., 65B, 209 (1932); McKenzie, Roger, and Wills, J. 
Chcm. Soc., 779 (1926) ; McKenzie and Dennler, Ber., 60B, 220 (1927) ; McKenzie, Roger 
and McKay, J. Chem. Soc., 2597 (1932). 

63 Wallis and Bowman, J. Ain. Chem. Soc., 56, 491 (1934). 

64 Pickard and Kenyon, J. Chcm. Soc., 99, 65 (1911). 



988 


ORGANIC CHEMISTRY 


shown that the action of magnesium on optically active alkyl halides 
gives optically inactive products. Other investigators have observed 
similar results. The spatial configuration of the valences in tricovalent 
oarbanions, free radicals, and carbonium ions has been studied by Wallis 
and Adams. 55 It is sufficient to mention only the fact that optically 
inactive products invariably resulted in all those metathctical reactions 
studied in which the intermediate formation of free radicals can justi- 
fiably be assumed to take place. 

In order to explain the results obtained in their study of the optically 
active amino alcohols and glycols, McKenzie, Roger, and Wills 52 adopted 
an ionic hypothesis similar in some respects to that suggested by Jones 
and Wallis 32a as a possible explanation of their results on the Curtius 
rearrangement. These investigators represent the action of nitrous 
acid on the optically active amino alcohols as follows: 

CsH 6 \ /*• 

(0 )c CH + HONO 

C fi H/ | | 

OH NH 2 


c 6 h* 


C 6 Ho' 


/CII, 
>C CH 

I I 

OH N=NOH 


I 

c 6 h 5 . 


/CH 3 

>C CH + N, + H 2 0 

| + 

0+ 


^0 yCelh 
(<9 C fi H 5 C CH 

\:h 3 


The pinacols and glycols are formulated in a similar manner. 

C 6 H 6 CHj V /CioH, c«H 5 CH 2 v l/ CloH7 

(0 )C CH -* )C— C— H -> 

CeHsCHj^ | | CtHsCH/ | + 

OH OH 0+ 

/° /CHjCbllr, 

(l) C«II s CHjC— CH< 

'C10H7 

They assume that both electric charges are alike in the above scheme 
in order to account for the non-formation of stable ethylene oxides. 
This idea seems to be very unlikely, and it has been criticized by Ha- 
worth. 56 Haworth represents the charges as being of opposite sign and 
explains their neutralization by a migration of the phenyl group with 
its electron pair. 

There are other objections to this hypothesis. In a study of certain 
spontaneous migrations of optically active groups from oxygen to sulfur 

M Wallis and Adams, J. Am. Chem. >Soc., 55, 3S38 (1933). 

56 Haworth, Ann. Iiepts. Chem . Soc. (London), 23, 111 (192G). 
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Kenyon and Phillips 57 have shown that the rearrangement is accom- 
panicd by racemizalion. An investigation by Wallis and Adams » on 
the stability of the spatial arrangement of the groups in carbonium ions 
Ril + ’ 

R 2 :C , has produced evidence which indicates that in the absence 
. R 3 - 


of a special mechanism which leads to a Walden 
figurations arc optically unstable. Only when the 

r 


inversion such con- 
group is in the form 


of the carbanion 


R Z :C: 


L R 3 J 


does the spatial arrangement of the groups 


in the ion appear to be sufficiently stable to maintain an asymmetric 
configuration. 


In order to meet the objections to this concept in the form in which 
it has been applied by McKenzie and his co-workers, Kenyon, Lipscomb, 
and Phillips 58 proposed that the mechanism of the rearrangement be 
formulated as follows: 


C 6 Il5> 

C 6 H 6 > 



OH NH 2 


, C 6 II 5X 

> 

C&/ 


/CH S 


-CH 


OH N=NOH 


CH 3 

/ 

(CfiH^z— C — CH 

I i 

0 +N==N 


[C 6 H 5 1- CH: 

/ 

CeHsC CH 

II I 

0 +N=N 




o c«h 6 

/ / 

C 6 H 5 C CH 


CII 3 


These investigators have pointed out that this interpretation has the 
advantage that it gives an explanation of the non-formation of the oxide 
“without departing from accepted theories of valency,” and that it is 
not necessary to postulate that a positive charge plays the part of the 
fourth group, thereby assuming that carbonium ions can remain opti- 
cally active in the free state. 

Reflection will show that this mechanism also has its disadvantages. 
Its chief fault lies in the fact that in the rearrangement of the unstable 
complex, [ c ], the formation of a free negative ion, CeHg - , is postulated. 
In the light of the experiments of Wallis and Moyer 41 on the Hofmann 
rearrangement this can be considered to be a serious weakness; It is 
improbable that free negative phenyl ions are formed. Any idea of 

67 Kenyon and Phillips, J. Chcm. Soc., 1676 (1930). 

58 Kenyon, Lipscomb, and Phillips, ibid,, 421 (1930). 
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dissociation into ions of this type must take into account the energy 
requirements necessary to break the bonds. Here, also, as in the Curlius 
and Hofmann rearrangements the experimental evidence indicates that 
the reaction is unimolecular in its nature. Therefore, it would seem 
that ions are not involved, but a transference of electrons within the 
molecule itself, and that an electronic mechanism is to be preferred. 

The ionic hypothesis has been advanced to explain the mechanism 
of other rearrangement processes. From the discussion of the applica- 
tion of the concept of the formation of intermediate cyclic compounds 
to the Wagner rearrangement it was seen that such an hypothesis tacitly 
assumes that changes of this type arc brought about by the removal of 
water. However, it is known that there are instances in which water 
is not eliminated. It is also a fact that under suitable conditions (sol- 
vent, etc.) molecules of compounds which behave in this manner give 
evidence of ionization. This suggests an ionic hypothesis as an expla- 
nation of this type of rearrangement, and Meerwein and Wortmann 59 
have formulated the change on this basis. According to them such an 
interpretation can also be used to explain those reactions in which water 
is lost during the rearrangement process. They believe that the cause 
of these changes is not to be found in the assumption of a loss of water 
as the first step of the rearrangement, but lies within the ion which is 
formed by electrolytic dissociation. The purpose of the acids which are 
used to bring about the rearrangement is to esterify the hydroxyl group. 
The esters so produced are assumed to be the ionizable molecules. 

The formulation of the rearrangement of 3, 3-dimcthyl butanol-2 is 
given as an example of the application of their ideas to the mechanism 
of the Wagner rearrangement. 

II 

Acids I 

(CH 3 ) 3 C— CHOH > (C H 3 ) 3 C — C — 0 Ac ^ (OH 3 ) 3 C— C— CH, 

I I I 

ch 3 ch 3 L h 

H 1+ 

(Cn,)jC— C(CH 3 ) 2 OAc- -* (CH 3 )..0=C(CH 3 ) s + HOAc 

I J 

[OAc = acid radical] 




The pinacol rearrangement is explained in a similar manner. 


L(CH 3 ) 2 C— C(CH,) s OAcJ OAc" 


_(CH 3 ) 3 C- 


-C(CJI 3 )OAc] 


0 

// 

-> (CII 3 ) 3 C-C— ch 3 


69 Meerwein and Wortmann, Ann., 435, 1U0 (1924). 
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The fact that the reverse change does not occur is explained on the basis 
of the instability of the pinacolone esters. 

They explain the behavior of certain halogen compounds of the 
camphor series on the basis of this hypothesis. In the presence of dis- 
sociating solvents (cold alcoholic hydrochloric acid, etc.), camphene 
hydrochloride rearranges to give isobornyl chloride. It is known that 
these compounds have properties which are in many respects similar to 
the triarylmethyl halides. For instance, they yield ethers on treatment 
with alcohols. When shaken with water, camphene hydrochloride gives 
camphene hydrate. These facts strongly suggest that in solution the 
hydrochloride is ionized. The change of this compound into isobornyl 
chloride is represented by Meerwein and Wortmann as follows : 59 



CH 


Identical 
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A similar mechanism is used to explain the conversion of a-camphor 
dichloride into /l- camphor dichloride. 





0-Camphor dichloride 60 


This rearrangement takes place easily under conditions similar to those 
used in the conversion of camphcnc hydrochloride into isobornyl chlo- 
ride. It is significant that in phenol solution the change is rapid, but 
that it is slow in solvents of low dielectric constant unless stannic chloride 
is present. A very slow change takes place in ligroin solution. It is 
more rapid in benzene, and still more rapid in ionizing solvents such as 
nitrobenzene. 

The relationships which exist between fenchyl alcohol, isofenchyl 
alcohol, a-fenchene hydrate, and /3-fenehene hydrate are also explained 
on the basis of this hypothesis. Other rearrangements in the camphor 
series are discussed. 

From what has been written it can be seen that Meerwein and Wort- 
mann give an interpretation to these rearrangements in the camphor 

M Meerwein and Wortmann formulated 0-camphor dichloride aa 2 , 6 -dichlorocam- 
phane. The experiments of Lipp and Lauaburg (Arm,, 436, 274 (1924)] indicate that it 
is 2,10-dichlorocamphane. 
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series which is similar to their explanation of the dehydration of tert .- 
alkylcarbinols. On. the basis of their proposed mechanism these halides 
are considered to be esters of hydrochloric acid. In discussing the re- 
lationships which exist between a- and /3-camphor dichlorides they point 
out that these halides bear a relationship to each other similar to that 
which formally exists between the dichlorides of pinacol and pinacolonc. 
They show this analogy in the following manner: 



CH CH 3 


a-Camphor dichluri.de Pia&coloue dichloride 

However, in studying the properties of pinacolone dichloride they 
found that this substance cannot be converted into the corresponding 
dichloride of pinacol. Neither can the change be brought about in the 
reverse direction. This fact is significant since in these compounds the 
tendency to ionize is not present. As Ingold 61 has pointed out, it is 
"an indication that special structural conditions are necessary for re- 
arrangement by the ionic mechanism.” It also strongly suggests that 
such a concept should not be unrestricted in its application but should 
be used only when it is known beforehand by some other method that 
ions are present. 

It is now our purpose to consider a few such cases. The diazoamino 
rearrangement will serve as our first example. 

C^Hs — Nil — N=N — CfiHs -* p-NH 2 -C fi H 4 -N=NC 6 H 6 

It is to be recalled that this rearrangement is best carried out in aniline 
In the presence of aniline hydrochloride; that is, it is catalyzed by the 
anilinium ion. It is also to be noted that the reaction is not intramo- 
lecular. Experimental evidence shows that the process involves pre- 
dissociation followed by a recombination. The results of Rosenhaver 

61 Ingold, Ann, Repts. Chan, Soc. (London), 21, 99 ( 1924 ). 
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and Unger 62 and of Kidd 65 bear out this statement, for the rearrange- 
ment of CH 3 — C 6 H 4 — NH — N=N“C 6 H 4 CH 3 in the presence of ani- 
line and of its hydrochloride yields as the main product, not the com- 
pound expected, but NH 2 C6H 4 — N=NC6H 4 CH 3 instead. The follow- 
ing mechanism has, therefore, been proposed: 


CH 3 C 6 H 4 NH— X=NC«H 4 CHi + C 6 II 6 NII 3 + -> 


H 


H 


[CHsCcHiN— N=N — CH 4 CH 3 . 
CH 3 C 6 H 4 NH 2 + CH 3 C 6 H 4 — N=N + ! 


+ c 6 h 5 nii 3 



4 _ 

H 

1 

CeHfiNH, <— 

1 

CHiC«H 4 N— n=nc 6 h 4 ch 3 


H 


ch 3 c 6 h 4 — n=nc 6 h 4 xii 2 


This mechanism also suggests the reason for the low yield when the 
reaction is carried out in the presence of water. The rate of formation 
of the phenol from the diazonium ion comes into consideration, and 
since this rate is comparable to that of the rate of coupling the yield of 
the desired product is greatly diminished. 

Ions are also probably involved in the rearrangement of N-haloacyl- 
anilides 

X 0 HO 

II! Ill 

c 6 h 5 n— c— ch„ -> X— C 6 H 4 N— C— CH, 


for it is known that in the case of N-chloroacetanilides the reaction is 
catalyzed in aqueous solutions by hydrochloric acid. There is also evi- 
dence which shows that in such solutions the speed of the reaction de- 
pends on the activity of the hydrochloric acid present. Further inter- 
esting facts have been reported by Olson and his co-workers. 61 These 
investigators have studied the reaction in the presence of radioactive 
chloride ions, and they report that the radioactive halogen enters into 
the molecule faster than the rate of rearrangement takes place. To 
some this has suggested the following formulation. 

52 Rosenhaver and Unger, Ber., 61, 392 (1928). 

® 3 Kidd, J. Org. Chem., 2, 198 (1937). 

M Olson, Halford, and Hornel, J. Am. Chem. Soc 59, 1613 (1937). Olson and Hornet 
J. Org. Chem., 3, 76 (1938) : see this artide for other references. 
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/Cl /V 

C 8 H 6 N< /i + OH 3 + + Cl- «=± C e H s N — C— CH 3 + H 2 0 + Cl 2 
x Cf 
X CH S 

/V° /V° 

CjHb — -N— C — CH a + Cl 2 -» C1C 6 H,N— C— CII 3 + IIC1 

This is hardly the complete picture for the process, however, since in 
all reactions of this type the yields are never good and many by-products 
are produced. Finally, it may be added that in the case of the corre- 
sponding N-bromoacetanilide bromine cannot be an intermediate be- 
cause Bell 65 has shown that the rate of reaction of bromine on acetani- 
lide is such as not to allow this formulation. 

Neither can mechanisms of this type be used to explain the benzidine 
rearrangement. 

CcHjNHNHCetU — * NHgCeEU — C6H4NH2 

Although the reaction is catalyzed by acids there is good evidence that 
in such cases the rearrangement is intramolecular and that dissociation 
into ions does not take place. This evidence will be given later when 
the electronic concept is discussed. 

The rearrangement of N-alkylanilinium salts to alkylanilines may 
now be considered 


R 

NH NII 2 



This rearrangement which was first- discussed by Hofmann has been 
very extensively studied and many theories concerning its mechanism 
have been advanced. 66 At this time, however, only two points of view 
need to be considered. 

Michael 67 has stated that the most plausible course of this reaction 
is a dissociation of the salts into aniline and the alkyl halide. The 
halide then reacts with the hydrogen atom of the aromatic nucleus. 

06 Bell, J . Che m. Soc 1154 (1936). 

86 Benz, Ber., 15, 1646 (1882); Nolting and Baumann, Ber., IS, 1150 (1885); Nulling 
and Foret, Ber., 18, 2681 (1885) ; Liinpach, Ber., 21, 640 (1888) ; Hodgkm and Limpneh, 
J. C.kem. Soc., 61, 420 (1892) ; Reilly and Hickinbottom, ibid., 117, 103 (1920). 

87 Michael, J. Am. Chem. Soc., 42, 737 (1920). 
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Hickinbottom and co-workers 68 have tested this theory experimen- 
tally and have concluded that dissociation does not take place in this 
manner. In a study of the rearrangement of isoamylaniline hydro- 
bromide 68 they have shown that, on heating, an isomerization of the 
group takes place, and that p-amino-ter/.-amylbenzene is obtained. 
Some trimethylcthylene is also formed. They also investigated the 
action of this hydrocarbon on aniline hydrobromide, finding that, 
“under conditions strictly comparable with those required for the re- 
arrangement of isoamylaniline hydrobromide,” the product was p-ammo- 
iert amy lbenzene. 



Thus, they have concluded that the formation of the nuclear substituted 
aniline is due to the intermediate formation of trimethylethylene since 
each phase of this mechanism has been realized experimentally. This 
conclusion may be questioned. 

Difficulties are encountered in explaining certain other results ob- 
tained by Hickinbottom . 68 If the above reaction is carried out in the 
presence of certain metallic halides p-aminoisoamylbenzene is produced. 
Here the formation of an intermediate trimethylethylene cannot be 
used to explain the results, for this olefin reacts with aniline either in the 
presence or absence of metallic halides to give the isomeric tert -amyl 
compound. A similar fact is also observed with isobutylaniline . 64 The 
product of rearrangement in the presence of hydrogen chloride or bro- 

Hickinbottom, J. Chem . Soc 64, (1927) ; Hickinbottom and Waine, ibid., 1568 (1930) ; 
Hickinbottom and Preston, ibid., 1566 (1930) ; Hickinbottom, iidd., 2396 (1932) ; 946, 1070 
(1933) ; 319 (1934) ; Nature , 131, 762 (1933). 
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mide is quite distinct from that which is formed when the rearrange- 
ment of the free amine is brought about by dry metallic salts. In the 
former case p-amino-tert-butylbenzene is formed; p-aminoisobutyl- 
benzene is produced in the latter reaction. Therefore, either this mech- 
anism must be abandoned, or else it must be assumed with Hickinbottom 
that the reaction in the presence of metallic salts follows a different 


course. 

There are doubts about the latter view, and it has been criticized 
by Bennett and Chapman . 69 These writers believe that a simpler ex- 
planation lies in Michael's 67 interpretation of such rearrangements, and 
that both types of products are formed from the same intermediate 
compounds. When heated alone the hydrobromide is assumed to dis- 
sociate rapidly to produce a large proportion of alkyl bromide which 
isomerizes in the vapor phase to the teti.- bromide. This compound then 
combines with aniline. When the reaction is carried out in the presence 
of metallic halides the rate of formation of the alkyl bromide is so much 
slower that substitution in the nucleus occurs before isomerization. It 
should be noted, however, that this explanation has its weakness in 
that as yet it lacks experimental verification. In fact, experiments by 
Hickinbottom and Waine 68 indicate that it is impossible to reconcile 
it with the facts. 

More recently Hickinbottom 70 has taken the position that the most 
probable course of the reaction is through an intermediate which postu- 
lates the formation of a carbonium ion of the migrating alkyl group. 
On this hypothesis the behavior of ethylaniline hydrobromide is repre- 
sented by the following scheme: 


Lc 6 h 5 


H 

-Nil- 


-c 2 h, 



I3r--> 


C 8 H 5 NH 2 -f CaH&Br 
t Br~ 

iT^ 14 

C 6 H 6 :N: + CH 3 :C 
H H 


H:N:H 



H 

CeH&jNiH -f- CH2=CH 2 

ii | 


CH 3 



C 2 H 5 


The rearrangement of alkyl phenyl ethers is of especial interest from 
this point of view. Since this reaction is catalyzed by acids it is again 

* s Bennett and Chapman, Ann. Re V ls. Chem. Soc. (Lmdra), 27, 124 (1930). 

70 Hickinbottom, J. Chem. Soc., 1700 (1934). 
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tempting to assume a mechanism involving the carbonium ion of the 
migrating alkyl group as the intermediate. Indeed we can find evidence 
in the literature which gives credence to this belief. Short and Stewart 71 
have found evidence which shows that this rearrangement is not intra- 
molecular, at least in some cases, for when ethyl phenyl ether rearranges 
in anisole as a solvent p-ethylanisole is formed. When a longer alkyl 
group is used rearrangements within the group itself occur. These are 
typical reactions of a carbonium ion. Sowa, Hinton, and Nieuwland 72 
also have submitted facts which are best explained on the assumption 
that the change involves at least two molecules of the ether. Niederl 
and Natelson , 73 however, are opposed to the idea that such rearrange- 
ments are intcrmolccular. They also reject for the most part the views 
of Van Alphen , 73 Claisen , 74 and Hurd and Cohen . 76 According to them 
the most plausible explanation is a reaction mechanism which is uni- 
molecular in its nature, and which is based upon the considerations of 
Lapworth 76 and of Latimer . 77 It should be pointed out that valid 

x.CH — CH CH=CH R CH— CH 

RO— Cs\ V)H -> 0=c/ Sc/ *± HO— Cf /C— R 

CH=C< X CH=C< X H X CH=C< 

\CHj X CH 3 x CH a 

objections can be raised against NiedeiTs proposed mechanism. For 
example, the interpretation gives one no explanation of the presence 
of unsaturated hydrocarbons and of unsubstituted cresols or other 
phenols which are generally formed in rearrangements of this type. 
Neither does it account for the fact that often in rearrangements of 
alkyl phenyl ethers the alkyl radical isomerizes to another group during 
the reaction process. It cannot be used to explain the experimental 
results obtained by Cox 78 in his investigations of the closely allied Fries 
“rearrangement” of phenolic esters. Here it is quite certain that when 
these esters are acted upon by such reagents as aluminum chloride or 
zinc chloride a scission of the molecule takes place, and acid chlorides 
are formed as intermediates which then react with the phenol to pro- 

71 Short and Stewart, J. Chem. Soc 553 (1929). 

72 Sowa, Hinton, and Nieuwland, J. Am. Chem. Soc., 54 , 2019, 3G94 (1932) ; 55 , 3402 
(1933). 

75 Van Alphen, Rec , trav. chim., 46 , 799 (1927) ; Niederl and Natelson, J. Am. Chem . 
Soc., 54 , 1063 (1932) ; Niederl and Storch, i bid., 55 , 2S4 (1933) ; Smith, t bid., 55 , 849 (1933). 

74 Claisen and Kisleb, Ann., 401 , 21 (1913) ; Claisen, ibi/L, 418 , 09 (1919) ; Claisen and 
Tietze, Ber., 58 , 275 (1925) ; 59 , 2344 (1926). 

75 Hurd and Cohen, /. Am. Chem. Soc., 53 , 2917 (1931). 

76 Lapworth, J. Chem. Soc., 73, 445 (1898). 

77 Latimer, J. Am. Chem. Soc., 51, 3185 (1929). 

78 Fries and co-workers, Ber., 41 , 4276 (1908) ; 43 , 214 (1910) ; 54 , 717 (1921) ; 66 , 1305 
(1923) ; Auwers, Ann., 421 , 30 (1920) ; Cox, J. Am. Chem. Soc., 52 , 352 (1930) ; Skraup and 
Poller, Ber., 57 , 2033 (1924) ; Skraup and co-workers, Ber., 60 , 942, 1070 (1927). 
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duce ketones, for, in the presence of an inert solvent, such as diphenyl 
ether, acyl derivatives of diphenyl ether are formed. Thus, the evidence 
supports the hypothesis of Skraup and Poller 78 and indicates that the 
reaction process is not in reality a true rearrangement but is inter- 
molecular in its nature. 

In this connection some experimental results of Wallis and his co- 
workers 79 are of interest. They have studied the nature of the products 
formed in the Claisen rearrangement of certain optically active ethers. 
Although with d- and 7-sec.-butyl m-eresyl and d~ and 7-sec. -butyl p-cresyl 
ethers they found that the substituted phenols obtained by rearrange- 
ment were optically active, they did observe that the rearrangement 
was accompanied by partial racemization. Furthermore, when experi- 
ments were devised to determine whether an alkyl radical containing 
an asymmetric carbon atom is actually able as a earbonium ion to enter 
a foreign nucleus without resultant loss of optical activity, the results 
obtained showed that this was not possible. v In their experiments on 
the point in question they prepared d- and Z-sec.-butyl mesityl ethers 
and studied the nature of the products formed when the reaction was 
carried out in the presence of p-c resol. 


CH- 


/CHa 
0 — CH 


OH 


Z11CI2 
or H2SO4 


CHa 


CH 3 



The 4-methyl-2-sec.-butylphenol, however, in both cases, was completely 
inactive. It can be definitely concluded, therefore, that an intermolecu- 
lar carbonium-ion mechanism cannot be used to explain the retention 
of optical activity in the experiments on d- and 7-sec. -butyl m-cresyl and 
p-cresyl ethers. At least part of the rearrangement products arc formed 
by an intramolecular process in which no earbonium ions occur. In 
this latter case an electronic mechanism is the more probable. A similar 
result has been reported in studies 80 on the rearrangement of sulfinic 


esters. 


C 6 H 5 h 


c 6 h 6 h 


\ / 0 c' 0 

/ \ T / \/ 

CH 3 0— S— C7H7 -» ch 3 

0 c,h 7 


■ Sprung and Wallin, J. Am. Che m. Soc.. 56, 1715 (1924) ; Gilbert and Wallis, J. Org. 

Chem., 5, 184 (1940). _ „ . „ -a- A 

» Kenyon and Phillips, J. Chem. Soc., 1676 (1930) ; Argus, Balfe, and Kenyon, ihd, t 

485 (1938). , 
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The optically active sulfmate yields largely the completely racemized 
sulfone. In the small amount of the optically active sulfone so produced 
the configuration on the asymmetric carbon atom seems to be main- 
tained. If this rearrangement involved carbonium ions this would not 
have been expected. Here again at least part of the product formed is 
produced by an intramolecular electronic change. Such changes will 
be more fully discussed later. 

The ionic concept is also of interest when applied to explain the 
mechanism of the Wagner rearrangement which takes place when cer- 
tain reactions are carried out on M.-alkylcarbinols. Wallis and Bow- 
man 81 have studied the nature of the products formed when the hydroxyl 


group in an optically active alcohol of the type 


>C— CH 2 OH is sub- 

r/i 


r 2 


stituted by chlorine. It has been found that, when the compound 
2-methyl-2-phenylbutanol-l is treated with thionyl chloride, the re- 
arrangement takes place with a migration of the phenyl group. A ter- 

ch 3X 

tiary chloride 2-ehloro-2-methyl-l-phenylbulane, ^>C — CI^OcTIb, 

c 2 n / 1 

Cl 


and an unsaturated hydrocarbon, 2-methyl-l-phenylbutene-l, 

ch 3x 

V^CHCgHs, are formed. It has also been observed that the 

C s h/ 

tertiary chloride as formed, though largely racemic, possesses some op- 
tical activity. Since it is known that the first product of the reaction 

/° 

of an alcohol and thionyl chloride is a compound of the type, R — OS — Cl, 
it is probable that the portion of the chloride which has maintained an 
asymmetric configuration again has been formed through a rearrange- 
ment which is internal and consequently electronic in its nature. 

Ionic hypotheses have been used to explain other types of rearrange- 
ments, The rearrangement of benzil to benzilic acid may be considered. 


0 0 OH 

/ / / 

C 6 H 6 C— C— C,H 6 + HsO -» (C,H S ),C— COOH 


Recent work by Westheimer 82 on this change shows that this reac- 
tion is catalyzed by hydroxide ion with no measurable catalysis by 
other basic ions such as the phenolate ion or o-chlorophenolate ion. 

81 Wallis and Bowman, J. Am. Chem. Soc 56, 491 (1934). 

88 Westheimer, ibid., 58, 2209 (1936). 
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Furthermore, Roberts and Urey 83 in their studies on oxygen exchange 
report that the rearrangement is slower than the oxygen exchange which 
is likewise catalyzed by bases. To explain these results the reaction 
has been formulated by a shift of a phenyl group with its electron pair 
with subsequent addition of a proton to yield benzilic acid. 


0 0 

/ \ 

C 6 H 5 C C— C 6 H 6 


[OH'] 


OH O' 

\ / 
C 6 H 6 :C— C— C 6 H 5 


o- 

C 6 H 6 


OH 


OH— C:C:C e H 6 



/ 

(C 6 H 5 ) 2 C— COOH 


We shall see later, however, that the migration of the phenyl group with 
its electron pair does not take place as a negative ion. The shift of the 
group takes place in such a manner that again we should view the re- 
arrangement as being that of an electronic change. 

The rearrangement of the butadiene dibromides is of interest from 
the viewpoint of an ionic mechanism. 


CIIz — CH — CH=CH 2 CH 2 -CH=CII-CH 2 

ii 1 l 

Br Br Br Br 

The rearrangement takes place rapidly at 100°, and it constitutes one of 
the main controversial points in the settlement of the question of addi- 
tion of halogens to conjugated systems of double bonds (p. 669). Ac- 
cording to Ingold 61 ’ 84 this change can be explained best on the basis 
of an ionic mechanism. He assumes that during the initial addition 
process ions are formed, and that “since the second bromine atom is 
liberated (as anion) only during the addition of the first, the^ initial 
product of addition . . . consists of the ions of the 1,2-dibromide. 


CH 2 — CH-CH==CH 2 

L 1 

What happens after this initial stage of the reaction process depends on 
the conditions of the experiment. In a non-ionizing medium association 
takes place and a 1,2-addition compound is formed. Under these con- 
ditions the production of any 1,4-addition product results from a re- 


aa Roberts and Urey, ibid., GO, SS0 (1938). B . M 

»< I„ g0 Ld, Ann. Bepls. Chom. Soc. [London). 25, 124-134 (1928) ; Burton and Ingold, 
J. C W Soc., 904 (1928); Ingold and Shoppee, tlm/.. 1199 (1929) ; Ingold and Smith, 
ibid., 2752 (1031); Burton and Ingold, ibid., 2022 (1929). 
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arrangement of the 1,2-dibromide. In this respect Ingold’s ideas are in 
agreement with the suggestions of Gillet, 85 who believes that 1,4-addi- 
tion is in reality preceded by 1,2-addition and rearrangement. Ingold 
believes that in an ionizing medium a distribution of the charge takes 
place and therefore “in a general case a mixture of bromides results, 
the composition of which will depend on the attached groups.” 

In support of these ideas Ingold and Smith 84 point out that iodine 
chloride adds to butadiene to give a mixture of 

CH 2 I — CH=OH — CH 2 C1 and CII 2 I— CnCt— CH=CH 2 


They argue that this indicates “an initial entrance of iodine at the 
a-carbon atom,” and therefore conforms with the ideas outlined in the 
preceding paragraph. It is of interest to note, however, that the ex- 
perimental results of Muskat and Northrup 86 on the chlorination of 
butadiene cannot be explained so easily. They carried out the chlori- 
nation in non-ionizing solvents, and in each case considerable amounts 
of the 1,4-dichloride were formed. They also observed that these two 
chlorides do not rearrange into one another, as do the dibromides. 
These facts make it evident that the formation of 1, 4-butadiene dichlo- 
ride in a non-ionizing solvent cannot be explained by the interpretation 
advanced by Ingold. They seem, on the other hand, to confirm the 
ideas of those who believe that in halogen addition to butadiene there 
is a simultaneous formation of 1,2- and 1,4-dihalides, and that the rela- 
tive proportions of the two compounds formed in any one experiment 
depend upon the conditions (temperature, solvent, presence or absence 
of peroxides, etc.). 87 

The addition of hydrogen chloride to vinylacetylene is also of inter- 
est from this point of view. Carothers and Berchet 88 have shown that 
the first product of the reaction is 4-chlorobut.adiene-l,2. This com- 
pound is sufficiently stable to be converted into its carbinol. However, 
in the presence of cuprous chloride and hydrochloric acid it readily 
rearranges into 2-chlorobutadiene-l,3. Their experiments show that 
the reactions take place in the following order. 

hoi 

CH=C — Oil— CII 2 > CH 2 =C=CH— CHjCI 

1 , 4-addition 

I II 


Rearrangement 
> 


CIl2=C(CI)— CH=CII 2 


III 


The reaction product of phenylmagnesium bromide on (II) reacts with 
water to give a derivative of (III), 2-phenylbutadienc-l,3. The iso- 

85 Gillet, Bull. soc. chim. Belg ., 31, 366 (1922). 

86 Muskat and Northrup, J. Am. Ckem. Soc., 62, 4043 (1930). 

87 Kharasch and oo-workers, ibid., 56, 2468, 2521, 2531 (1933); 66, 244, 712, 1212, 
1243, 1642, 1782 (1934); 57, 2463 (1935) ; 58, 57 (1930); Org. Chcm., 1, 393 (1936). 

88 Carothers and Berchet, J. Am. Chem.. Soc., 65, 2807 (1933). 
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meric chloride (III) does not react with the Grignard reagent. These 
investigators believe that these and other results which they have re- 
ported show that a, 7-rearrangements of this type cannot proceed by 
any mechanism involving free ions. The reactions are intramolecular 
in their nature. They prefer to consider these changes as being brought 
about by a mechanism which assumes the formation of an additive 
complex. Chelation and opening of the ring result in the abnormal 
products which they obtain. 

R— CH=CH 


T 

x 

M 



X 


Johnson 89 explains the abnormal reactions of benzylmagnesium 
chloride on the basis of a similar mechanism. For example, acetyl 
chloride reacts with benzylmagnesium chloride to give o-tolyl methyl 
ketone. Almost none of the “normal” product, benzyl methyl ketone, 
is produced. This fact is explained on the assumption that an additive 
complex of the following type is formed. A shift of electrons then takes 
place followed by an “intramolecular chelation.” Opening of this che- 
late ring produces the rearrangement product. 


/ \ -CH 2 0(C 2 H 5 ) 2 

\ / 

Mg 

/ V 

C=0 X 


v /\ 2 / 0(C2lIs)2 

Mg 

I \ 

*0-0 X 


CH 3 Cl 


ch 3 Ci 



/\ 

CH 3 Cl 


\ /^° H2 

MgX 


H 


/t 

-0 0(C 2 H 6 )2 


ch 3 Cl 


\ / 3 0(C 2 H 6 ) 2 

C-O-MgX 
/\ 1 
CHsCl 0(C 2 H 5 ) 2 



/ X 

+ Mg< +2(C 2 H 5 ) 2 0 
X C1 


CH 3 


* The carbon marked by an asterisk has a sextet of electrons. 

89 Johnson, ibid., 55, 3029 (1933) ; Austin and Johnson, ibid., 54, 647 (1932). 
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Other examples are known and could be discussed, such as the allylic 
rearrangements which have been studied by Provost, but the illustra- 
tions which have been given are sufficient to show the applicability of 
this concept to rearrangement processes. Often it appears that these 
changes which at first might seem explicable on the basis of predissocia- 
tion are in reality purely intramolecular in their nature, and that the 
electronic displacements and shifts which produce these reactions take 
place within the molecule itself. In such rearrangements an electronic 
mechanism is to be preferred. 


THE ELECTRONIC CONCEPT AS AN EXPLANATION OF 
INTRAMOLECULAR REARRANGEMENTS 

In the preceding sections of this chapter those interpretations have 
been discussed which in one form or another have explained rearrange- 
ment processes on the basis of predissociation either into radicals or 
ions. It has been shown in many instances that the application of this 
concept is very limited and that for many rearrangements the explana- 
tions are wholly inadequate. The failure of these interpretations as 
explanations of the mechanism of molecular rearrangements is due to 
the fact that those investigators who proposed them did not realize 
that such reactions often are dependent on properties inherent in the 
molecules themselves, and for that reason cannot take place in a step- 
by-step fashion, but must be continuous processes which involve simple 
displacements or transference of electrons from one atom to another 
within the molecule. 

In a brilliant paper entitled “Applications of the Electronic Concep- 
tion of Valence,” Jones 90 first examined intramolecular rearrangements 
from this point of view. In a discussion of reactions which are known 
to take place among certain classes of compounds containing nitrogen 
his considerations led him to put forward the fundamental generaliza- 
tion that “a carbon atom when linked directly to a nitrogen atom does 
not readily take from it negative electrons, or in other words is not 
readily reduced by it,” but rather “the tendency of the system is to 
pass to one in which the carbon atom is as fully oxidized as possible and 
the nitrogen atom as fully reduced as possible.” The relationships 
which exist between the amines, aldimides, nitriles, nitrile oxides, isoni- 
troparaffins, and hydroxamic acids, and also the aldoximes, amides, 
isocyanates, and the carbamic acids are explained on this basis. In 
applying this principle to intramolecular rearrangements of the Cur- 
tius, Hofmann, Lossen, and Beckmann types, Jones arrived at the con- 
Jones, Am. Chem f J., 50, 414 (1913), 
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elusion that these rearrangements are not essentially different in mecha- 
nism. In the conclusion of his argument he states, “In my opinion . . . 
[these rearrangements] all have in common, intramolecular oxidation 
and reduction, or an exchange of negative electrons between the carbon 
atom and the nitrogen atom. In fact if all of the reactions classed as 
examples of the Beckmann rearrangement (including the Hofmann and 
Curtius reactions) are inspected it will be observed that in every cane 
the rearrangement is accompanied hy a process oj intramolecular oxidation 
and reduction. It seems veiy probable that this tendency . . . may be 
the real determining factor in the Beckmann rearrangement, and that 
the formation of univalent nitrogen, proposed by Stieglitz as the im- 
mediate cause, may be a mere incident, necessary, to be sure, to pave 
the way for the change. . . . Stieglitz claims that, the rearrangement 
is induced by the potency of the free valences of univalent nitrogen. 
The present mode of viewing the rearrangement would speak rather of 
the potency of the carbon atom to lose negative electrons, and of the 
nitrogen atom to acquire them, and would look upon the free valences 
of univalent nitrogen as the stage-setting required to furnish a suitable 
environment in which the essential action may take place.” 

Essentially the same ideas have been expressed independently by 
Stieglitz. 25, 30 * 35 Eobinson 85 and Ingold 91 also have believed for a long 
time that intramolecular rearrangements involve a transference of elec- 
trons within the molecule and consequently are best explained on the 
basis of an electronic mechanism. 

With these ideas in mind Whitmore 92 has proposed that a more 
general application of this concept should be made, and that the mecha- 
nism of the migration of groups in all intramolecular rearrangements be 
placed on a common basis and be explained on the supposition of a trans- 
ference of electrons within the molecule. According to him the struc- 
tures of organic molecules which undergo intramolecular rearrangements 
can be represented electronically by one of the following general for- 
mulas: 

:A:B:X: a;b:D:X: 

(1) (2) 

in which X is a strongly electronegative atom, and A, B, and D are 
atoms which are neither strongly electronegative nor electropositive. 
System 1 contains those molecules which undergo rearrangements of 
the ‘Beckmann, Curtins, Hoimann, and Lessen types. Other rearrange- 
ments such as the pinacol and allied rearrangements are also included 

91 Ann. Repts. Che,m. Sac. (London), 20 (1923) ; 21 (1924). 

92 Whitmore, J. Am. Chem. Soc 54, 3274 (1932). 
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in this system. The allylic rearrangements take place in molecules 
which belong to system 2. 

When molecules of either of these two types enter into chemical 
reaction in such a manner as to remove the atom X from the system it is 
postulated by Whitmore that X takes with it its shared pair of electrons 
and leaves the atom B or D, as the case may be, with an incomplete 
shell of six electrons. The course of the reaction from this point is 

determined by the changes which take place in the fragment :A:B. 
Under suitable conditions it may take up a negative ion : Y : from the 

reaction mixture. This yields the normal product lA:B:Y:. Another 

possibility must be considered if one of the groups attached to A is a 
hydrogen atom. The fragment can now also lose a proton. Under 
these conditions olefinic compounds are produced. Thus, it is seen 
that on the basis of this mechanism olefins are not necessarily inter- 
mediate products in a chemical reaction but are formed as products of 
“side” reactions. This interpretation is significant, for it explains why 
the concept of the intermediate formation of olefinic compounds, which 
has been discussed previously, fails as an explanation of molecular re- 
arrangement processes. The third possibility, perhaps the most im- 
portant, is stated by Whitmore as follows: “The nature and environment 
of A and B may be such that B has the greater attractions for electrons 
or that A can more readily dispense with a pair of its electrons. In 
either case a change in the fragment will leave A with an open sextet. 

:A:B A:B: 

The shift of the electron pair includes the atom or group which it holds. 
The new fragment can then recombine with the ion X or with a new 
negative ion Y from the reaction mixture. The result is an ‘abnormal’ 
or ‘rearranged product.’ In this manner either the compound XAB 
or YAB is formed.” 

Whitmore also has discussed the nature of the products which may 
be formed when one of the groups attached to the rearranged fragment 
is a hydrogen atom. Here again as in the original fragment the system 
can stabilize itself by the loss of a proton. However, it can be readily 
seen that the unsaturated compound so formed may not be the same as 
that obtained in the former case. 

This reaction mechanism can be successfully applied to many types 
of intramolecular rearrangements. It has also been very useful as an 
aid in the determination of the nature of “abnormal” products which 
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arc often formed in chemical reactions, and in foreseeing when rear- 
rangements are to be expected. The following examples are given for 
the purpose of showing its range of application. 

It is well known that the action of nitrous acid on aminos often 
produces compounds which are products of a molecular rearrangement. 
Thus, when neopentylamine is treated with nitrous acid dimethylethyl- 
carbinol Ls obtained. None of the corresponding W.-butylcarbinol is 
formed in the reaction. On the basis of the mechanism under discussion 
the reaction is formulated as follows: 


CH 3 H CH 3 H 

CH,:C : C:NHj — -■> CH»:C : C:n|n: 0:H 
CH a H CII 3 ii 


Removal 
of N 2 
> 

and :0: H 


ch 3 

CH 3 :C : 
CH, 


H 

C 

ii 


Shift, of an 
electron 


pair with 
methyl group 


CH 3 :C : 
CH 3 


H 

C:CII 3 

ii 



:0;H 

CH 3 :C:C 2 H 6 

CHj 


Other reactions of fert.-butylcarbinol and its derivatives can be ex- 
plained in a similar manner. For example, the preparation of tert.- 
amyl acetate from neopentyl iodide is explained by Whitmore as follows: 


CH 3 H 
CH,:C : C:I: 

ch 3 r 
ch 3 h 

CH 3 :C : C:CH 3 


Removal 

of 


-> 


jOjOOCHj 
> 


ch 3 h 
CH 3 :*C : C 

ch 8 i i 
ch 3 

CH 3 :C:C 2 Il5 


Migration 

> 

of CH 3 : 


II :0:C0CH 3 


The preparation of tert . -butyl compounds from isobutyl alcohol and 
its derivatives is easily explained on the basis of this mechanism. This 
concept also accounts for the failure of all attempts to prepare halides 
It H 

of the type R:C:C:X: by the action of such halogenating agents as 

r a " 
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hydrogen bromide, phosphorus pentabromide, or thionyl chloride on 
the corresponding carbinol. In these reaction processes the group is 
deprived of an electron pair, and rearrangement within the system can 
then take place. 

This point of view suggests that if reactions are carried out on these 
molecules in such a manner as to remove X without its shared pair of 
electrons then the group has at all times its full quota of electrons, and 
rearrangement is not possible. In this connection the rearrangement of 
certain derivatives of ftftjS-triphcnylpropionic acid is of special interest. 
Hcllcrman 93 has shown that the bromamide and the potassium salt of 
the benzoyl derivative of the hydroxamic acid rearrange under suitable 
conditions to give ft, ft, 0- triphenylethylaminc . The process is accompa- 
nied by no rearrangement within the triphenylelhyl group. 

0 

// 

(C 6 H 6 ) 3 C— ch 2 c— N— H -» (C 6 H 6 ) 3 C— cii 2 nh 2 

\ 

Br 

Whitmore and Homeyer 94 have studied the Hofmann rearrangement 
of terJ-butylacetamide. This compound yields neopentylamine quanti- 
tatively. No rearrangement takes place within the neopcntyl group. 
These investigators picture this striking difference in the behavior of 
this group in different classes of compounds on the following basis: 

II The break in the molecule leaves the neopentyl 

(CH 3 ) 3 C:C :X: group with an incomplete shell of electrons. 

” Rearrangement within the group is possible. 

II The break in the molecule leaves the neopentyl 

(CH 3 ) 3 C:C: CONHj group with its complete octet of electrons. No 

jj rearrangement is possible within the group. 

The application of these principles has suggested a method for the 
preparation of terf.-butylmethyl chloride (neopentyl chloride). It has 
been shown above that it is not possible to obtain this type of compound 
by the action of the common halogenating agents on terZ.-butylcarbinol. 
However, if the substitution is carried out so as to leave the neopeDtyl 
group with its full quota of electrons it should be possible to prepare 
this primary chloride. This task has been accomplished by Fleming 
and Whitmore. 95 The chlorination of 2, 2-dime thylpropane (neopentane) 
yields this halide. 

93 Ilellerman, ibid., 49, 1735 (1927). 

94 Whitmore and Homeyer, ibid., 54, 3435 (1932). 

96 Fleming and Whitmore, ibid., 54, 3460 (1932). 
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ch 3 h 

CH 3 :C : C: 
CHi H 


H + :C1: 


Cl: 


CAh 

IIC1 + CH 3 :C : 

CH 3 


IT 

C: Cl: 

a 


It is of interest to note that after it is formed neopentyl chloride is a 
surprisingly stable chloride. However, it can be stated with certainty 
that, if metathetical reactions are carried out on it in such a manner 
as to remove the chlorine atom with its shared pair of electrons, rear- 
rangement products will invariably result. 

Whitmore has cited as further evidence for this concept the fact 
that no rearrangement to tertiary butyl compounds takes place when 
isobutyl bromide is converted to isobutyl alcohol by the action of oxygen 
on the Grignard compound . 90 This failure to yield rearrangement, prod- 
ucts is interesting when it is remembered that in most metathetical 
reactions involving isobutyl compounds a change to tot-butyl deriva- 
tives easily takes place. If the generally accepted hypothesis is adopted 
that in the formation of the Grignard reagent the reaction takes place 

in such a way as to involve momentarily a scission of the molecule R:X : 

into the system of potentially neutral free radicals then 

the failure to give products of rearrangement is understood, and is to 
be expected. 

,*X: 

R:X: + Mg: — > Mg: < — * R:Mg:X: 

\»R 


On the basis of this electronic mechanism it is only when the radical is 
left momentarily with an incomplete sextet of electrons that one should 
expect it to undergo rearrangement. 

The reader should not get the impression from this discussion that 
no rearrangements involving the Grignard reagent have been recorded 
in the chemical literature. Many such rearrangements are on record. 
However, it is probable that rearrangement occurs during those re- 
action processes which take place after the formation of the Grignard 
reagent, and not during the course of the formation of the alkyl- or 
arylmagnesium halide itself. For example, Gilman and Harris 97 have 
observed that the Grignard compound prepared from cinnainyl chloride, 
C 6 H 5 CH=CH— CH2CI, reacts chiefly to give products of the type 


96 Whitmore and Lux, ibid., 54, 3448 (1932). 

97 Gilman and Harris, ibid., 53, 3541 (1931) ; 
Austin and Johnson, ibid., 54, 647 (1932). 


Gilman and Kirby, ibid., 54, 345 (1932); 
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CeH 5 CH — CH— CH 2 . One of their several interpretations involves the 

I 

X 

intermediate formation of free radicals. (See also p. 516). 


C 6 H 5 — CH=CH— CH 2 C1 + Mg -► C 6 H 5 CH^CH— CH 2 — -1- — MgCl 


C 6 H 6 — CH=CH— CH ; 


Rearrangement 
> 


CsTItCTT— CH=CII 2 — > C 6 II 5 — CII— CH=CH 2 

I I 

MgCl 


c 6 h 6 ch— ch=ch 2 + co 2 


HOH 


CbHiCH— ch=ch 2 


MgCl 


C0 2 H 


This particular interpretation is unlikely on the basis of the electronic 
mechanism outlined above. This concept would have one view the re- 
arrangement as taking place after the formation of the Grignard reagent. 


CbHb— CH«CH— CH 2 Cl + Mg -* 
C 6 H 6 CH=CH— CHjMgCl > c 6 h 6 — ch— ch=ch 2 


co 2 h 


Evidence for this latter formulation is found in the behavior of the 
Grignard reagent prepared from benzyl chloride. It has previously been 
seen that in some of its reactions this compound yields products which 
are formed by processes involving molecular rearrangements. Other 
illustrations 98 could be given, as for example the action of formaldehyde, 
benzaldehydc, ethyl chlorocarbonatc, and acetyl chloride on benzyl- 
magnesium chloride. It also gives in some cases the normal and ex- 
pected product. Coleman and Forrester 98 have observed that mono- 
chloroamine reacts with benzylmagnesium chloride to give benzyla- 
mine. No indication of the formation of the rearrangement product, 
o-toluidine, was noted. They also studied the action of monochloro- 
amine on a-naphthylmethylmagnesium chloride. Similar results were 
obtained, although it is known that in some of its reactions this Grig- 
nard compound reacts abnormally. Therefore, it must be assumed, at 

88 Coleman and Forrester, ibid., 58, 27 (1936). 
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least in these reactions, that the normal Grignard reagent is first formed, 
and that rearrangement occurs in the reactions which follow. 


CH 2 MgCl 


+ ch 2 o 


rearrangement 


CHaMgCl 


CII 3 

CH 2 NH 2 


+ NH Z C 1 



+ MgCl* 


CH 2 MgCl CII2NII2 



Another example may be profitably cited. Ford, Thompson, and 
Marvel 99 have studied rearrangements of polyynes. They have re- 
ported that when the Grignard reagent of phenyl-ter£,-butyl-ter£.-butyl- 
cthynylbromomethane is treated with water, carbon dioxide, or methyl 
chlorocarbonate the resulting product is an allene derivative. They 
have formulated the reaction as taking place in the following manner: 

CgHb C6H5 

1 1 

(CI[ 3 ),C— C=C—C— Br + Mg -> (CH,) 3 C— G=C— C— MgBr 

C(CII,)j C(CH 3 ), 

c«h 6 

- H °” • > (CH 3 ),C-CH=0=C 

\ 

C(CH,) 3 

C.H* 

C °* > (CH s ) 3 C — c=c=c 

HOH | 

C0 2 H C(CH 3 ) 3 


Ford, Thompson, and Marvel, ibid., 57, 2619 (1935), 
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CICOOCIIs 


CfiHs 

/ 

* (CH 3 ) 3 C-C=C=C 

I \ 

CO2CH3 C(CH 3 ) 3 


Thus, this interpretation would appeal* to be in agreement with the 
concept under discussion. 

The electronic mechanism has been used with marked success to 
explain the various products formed in the dehydration of alcohols. It 
has been previously pointed out that according to Lachman ib ’ 40 the 
changes involved in the pinacol and allied rearrangements are essen- 
tially oxidation-reduction processes which involve a transference of 
electrons within the molecule. According to Whitmore 92 this process 
takes place in the following manner. “The more reactive hydroxyl . , . 
is removed in the course of the reaction, leaving an open sextet which 
is completed by a rearrangement.” 

R R R R 

H:0:C : C:R -> H:0:C:C:R + :0:H -> 

** R :0: ” R 

H 

R R R 

H:0:C : C:R -+ R:C:C:R + H 2 0 
: 0; R OR 

H 


The rearrangement of the iodohydrins follows a similar course. 

It should be noted at this point, however, that it has been pointed 
out both by Wallis and Whitmore 100 and by Bartlett and Pockel 101 
that the open sextet actually never does exist as such, for the removal 
of the hydroxyl group with its electron pair and the rearrangement of 
the radical, R, occur simultaneously. Bartlett has further concluded 
that in rearrangements of this type as well as in the Wagner-Meerwein 
transformations the migrating group approaches its new carbon center 
from the rear, and thus produces an inversion of configuration when 
optically active compounds of these types are allowed to rearrange. 
Bernstein and Whitmore 102 have considered this point of view in their 
analysis of the semi-pinacolic deamination of dextrorotatory 1,1-di- 
phenyl-2-amino-l-propanol to methylphenylaeetophenone 

100 Wallis and Whitmore, ibid., 5G, 1427 (1934). 

101 Bartlett and Pockel, ibid., 59 , 820 (1937). 

m Bernstein and Whitmore, ibid., 61 , 1324 (1939). 
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I / I / 

n-C C-CoHs -► C(H 5 — C — C — CoHs 

II I 

NH, 011 II 


If it is to be assumed that in rearrangements of the Curtius, Lessen, 
and Hofmann types the transformation occurs with retention of con- 
figuration then their experiments clearly indicate that Bartlett’s views 
are correct. That retention of configuration during the Hofmann re- 
arrangement can occur in hindered systems has been demonstrated by 
Bartlett and Knox 103 in the following series of reactions; 



Noyes 104 has also described experiments leading to a similar con- 
clusion in his studies of the degradation of the camphoric acids. 


CH 2 CHCOOH 

I 

ch 3 — c— ch 3 
I 

CH 2 C—COOH 

I 

ch 3 


H 

i 

i-CH 2 — c — nh 2 
CHj— C— CH 3 Lactam 

i 

L CH 2 — C—COOH 


ch 3 


153 Bartlett and Knox, ibid., €1, 3184 (1939), 

104 Noyes, Am. Chem. J., 16, 500 (1894) ; Noyes and Porter, J. Am. Chem. Soc., 37, 189 
(1915) ; 34, 1067 (1912) ; Noyes and Niekell, ibid., 36, 118 (1914). 
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H 


C— COOH 



I 

ch 3 


trims 


nh 2 

C— H 



Does not 
form lactam 


ch 3 


It is to be mentioned that in this case the rearrangement has been 
carried out under asymmetric conditions and that consequently other 
directive forces may come into play. In the interest of generality it 
would be desirable to establish a rigid configurational relationship in the 
system R1R2R3C — COOH — > R l R 2 R3C — NH 2 . Only then would it bo 
possible to state with certainty that the Hofmann rearrangement always 
occurs with retention of configuration. The essential point in question, 
namely whether in the absence of special directive forces an asymmetric 
carbon atom can preserve its configuration when it migrates with an 
electron pair from A to B, has been rigorously proved, however, in the 
investigations of Lane and Wallis 105 on the Wolff rearrangement of 
optically active diazoketones, for in this case the necessary configura- 
tional relationships are readily obtainable. The proof was achieved by 
the following cyclic process: 


R — CO2H ■ ^ C '.‘ > R— CO— CHN. - > R — CII2 — C 0 2 II 


I ch 3 n 2 

i ( 1 ) 

R— CO— NHCellJlr-p 
| soci 2 


Na 2 S 2 0 3 

( 2 ) 


Barbier-Wieland _ 

ITO**, E -^°’ H k-ch^co 2 ch 3 

(5) (4) 


>6 Lane and Wallis, ibid., 63, 1674 (1941). 
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Since only step 2 in this cycle involved the breaking of a bond of the 
asymmetric center, it is clearly established that in this step the Wolff 
rearrangement proceeded without a Walden inversion. The assumption 
of Bernstein and Whitmore seems, therefore, to be justified. 

It is fitting to point out that these views of an electronic mechanism 
outlined in the preceding pages have certain limitations. For example, 
they need to be extended to explain the results of McKenzie, Roger, 
and McKay, 106 in their studies on the pinacol rearrangement of optically 
active 1 , 2-diphenyl- l-o-tolylethanodiol , 


CeHftv 

O-C 7 H 7 ' 



C 6 II 6 

'H 


Oil OH 


Dehydration with dilute sulfuric acid gives an aldehyde, 
(C 6 H 6 ) 2 C— CHO 

I 

0 -C 7 H 7 

and an optically active ketone 

H 0 

c.h n | || 

>C— C— C 6 H 6 
o-C 7 E/ 


In striking contrast to these results are those obtained with the corre- 
sponding optically active modifications of 1,2-diphenyl-p-tolylethane- 
diol-1,2. This compound behaves differently. No aldehydes are formed 


on rearrangement, and the p-tolyldesoxybenzoin, 


C g H, 


\l 


0 

/ 


C-C-C fi H5 


p-C 7 II 7 ' 


which is formed is completely inactive when either oxalic acid, cold 
sulfuric acid, or hot dilute sulfuric acid is used as the dehydrating agent. 
At first glance this apparent disparity in results is hard to understand. 
However, reflection will show that there are good reasons for these 
differences in their observations. If we recall the strengths of the acids, 
o-toluic acid (a), benzoic acid (6), p-toluic acid (c), we find that (a) is 
stronger than (6) and that (c) is weaker than (5). In terms of electrons 
we may construct a picture in which the methyl group in the para- 
position is electron repelling and in the ortho-position is electron at- 
tracting. 

106 McKenzie, Roger, and McKay, J. Ghent. Sor.., 2597 (1932) ; Roger and McKay, ibid. 
332 (1933). 
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If this is correct the results outlined above are easily understood. 
In the case of the o-tolyldiol the removal of the :G:H group with its 

octet will be made more difficult and the case of rearrangement of the 
: H with its electron pair will be made greater. Consequently the time in 
... :OH 

which the molecule will exist in an intermediate state, CeH 5 : C : C — C 6 H 6 , 

0-C7H7 fi 

will be very short indeed. On the other hand in the p-tolyldiol the re- 
verse will be true and consequently racemization can take place with 
far greater readiness. 

Experiments on the Chapman rearrangement would be of great 
interest from this point of view. 

OR' 0 

/ / 

R — C=N — R -> R — c — N — R 

I 

R' 

where R' is an optically active radical. 

Kinetic studies of rearrangements by Hauser and collabo- 

/° /> 

rators 107 of compounds of the type C € H 6 C— -NH— O—C— C 6 H 4 X' and 

/> /° 

XC 6 H 4 C — X(H)OC— CeH 5 also clearly bring out this effect. From such 
experiments it can be concluded that the rate-determining step in the 

/° /° 

process is the release of the — 0 — C— C 6 H 4 X' or — OC— C 6 H 6 as anion. 
The rearrangements are facilitated by the electron-repulsive charac- 
ters of X and the electron-attractive characters in X'. 

When the group containing X' has a methyl group in the para- 
position the rate of rearrangement is slower than it is when the methyl 
group is in the ortAo-position. The opposite is true when 0-CH3 and 
p-CH 3 are in position X. Furthermore, the logarithms of the velocity 

/° 

coefficients for the transformations of C 6 H& — C — NH — 0 — CO — CeHiX' 
gives a straight line when plotted against the value of log K for the acids 
X'CeHiCOOH even when X' is in the ortfio-position. The linear rcla- 

/° 

tionship does not hold for X— C 6 H 4 -C— N(ir)OCO— C 6 H 6 . Thus, the 

107 Hauser and co-workers, J. Am. Chem. Soc., 5$, 121 (1937) ; 59, 2308 (1937) ; 61, G18 
(1939). 
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quantitative correlation is true only where the variable group is in the 
acid portion of the molecule. 

The electronic mechanism as outlined has other limitations. It 
does not aid one in predicting the nature of the products formed when 
the groups attached to the two central carbon atoms of the pinacol 
are different. However, Ingold 108 has treated this problem also from 
the electronic viewpoint and has come to certain conclusions which 
are of interest. According to him, in compounds of the type 
RR 1 C(OH)C(OH)R 2 R 3 , the nature of the ketone which is formed will 
depend on the particular hydroxyl group which is eliminated as water 
during the reaction process. This elimination in turn depends on the 
capacity for electron release of the groups which are attached to the 
two central carbon atoms. The hydroxyl group will be removed from 
that carbon atom whose groups have the greatest capacity for electron 
release. Ingold 108 points out that this capacity may be derived from 
theoretical considerations or may be obtained from observations in 
other fields of organic chemistry. From the vast amount of data which 
is available he has established the relationship: H < alkyl < aryl, in 
which hydrogen has the least capacity for electron release. For pur- 
poses of illustration ho has formulated these changes in the following 
manner: 



Many other compounds involving rearrangements of this type have been 
discussed by him from this point of view, but the principles involved 
are essentially the same. It is sufficient at this time to state that the 
rearrangements of ethylene oxides apparently follow similar rules, and 
that these compounds yield either of two ketones according to the 
relative capacities of the groups for electron release. However, it would 
appear that in some instances there are exceptions. L4vy and Sfiras lu9 

108 Ingold, Ann. Repts. Chem. Soc. (London), 25, 124-134 (1928). 

109 L6vy and Sfiras, Compt. rend., 184, 1335 (1927). 
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have studied the rearrangement of some ethylene oxides of the type 
C6H fi (CH 2 ) R — CH — CII 2 [n = 1 to 4] . They report that on rearrangement 

\/ 

the hydrogen atom migrates in preference to either the benzyl group, 
the phenylethyl group, the phenylpropyl group, or the phenylbutyl 
group. Thus, 

/°\ /° 

R — (CH 2 )„ — CII — CH 2 R — (CH 2 ) n — C — CH 2 


It must be stated, however, that these rearrangements were carried out 
under drastic conditions. The isomerization was produced by heating 
the oxides with zinc chloride, or by passing the vapors over alumina at 
260°. Therefore, their results may be explained on the assumption 
that under such conditions a further isomerization of the primary prod- 
uct takes place. 110 

Interesting application of the electronic concept has been made to 
allylic systems. Whitmore 92 formulated the change: 


• * •• • « ^ 4 • Removal •* 4 ■ * • Shift of * • » • 

A: :B:D:X: > A::B:D — -> A:R::D 

.. .... of :X: «. electron pair , , ,, 


with :X: or :Y: 


:Y:A:B::D 


The case X - Y (triad anion tautomerism) has been similarly discussed 
by Ingold for systems: 


R 


ill I 

CII — cii=ch 2 


r CH=CH — CII 2 X 


Here also the ease with which the anion X leaves the system depends 
in part on the capacity of the group R for electron release, that is, to 
supply electrons to the “depleted” carbon atom. A study of a number 
of such systems where R is p-chlorophenyl, p-tolyl, phenyl, methyl, etc., 
shows that the order is 


P-C1C 6 H 4 > p-CH 3 C 6 H 4 > C fi H 6 > CH 3 > H 


Ingold also points out that, in all these systems, X will take its position 
“adjacent to the least activating of the terminal groups.” The particu- 
lar type of triad anion tautomerism, (X = Y), discussed in the preced- 
ing paragraph would be formulated as follows: 

uo Bennett and Chapman, Ann. Repts. Chem . Soc. (London), 27, 117 (1930), 



MOLECULAR REARRANGEMENTS 


1019 


:X:H H 
R:C:C::C:H 


Removal 
o f :X: 




H 


II H 

R:C:C::C:H — 1 

• • an electron pair 

H 


H H H H 

• • •> Union with ’ 

R:C: :C:C — r— > R:C::C:C:X: 
H ii " li li " 


It is to be noted that, in Whitmore's formulation, the exchange of 
Y for X in either :A::B:D:X: or :X:A:B::D should lead to the same 


products :Y:A:B::D or A::B:D:Y: or to the same mixture of these 
two, since, regardless of which compound is taken, the reaction must 
proceed through the resonating pair of intermediates A::B:D, A:B::D. 

The equilibrium value of this resonance will determine the composition 
of the final product. 

That this is substantially correct was found by Young and Lane 111 
in their work on the conversion of crotyl alcohol and methylvinylcarbinol 
to the corresponding butenyl bromides under conditions preventing 
tautoinerization of the bromides following their preparation. It was 
found that the equilibrium mixture of bromides expected on the basis 
of such a mechanism constituted from 88 to 97 per cent of the final 
product, the remaining product being the isomeric bromide correspond- 
ing to the alcohol used. The percentage of reaction proceeding by such 
a mechanism was determined by the activity of the hydrogen bromide 
in the solution and approached 100 per cent in dilute hydrobromic acid 
solution. The composition of the equilibrium mixture of bromides was 
also markedly affected by the acid concentration. 

This interpretation of the electron changes which take place within 
these systems has the advantage of clearness, and of freedom from ab- 
stractness and variety of detail. It must be remembered, however, 
that here, as in other cases which have previously been discussed, such 
a mechanism tells one nothing of the effect of the group R on the ease 
of rearrangement. Herein lies its weakness, and for such information 
more experimental facts are needed. 

The electronic mechanism has been used to explain the Wagner re- 
arrangement of fertf.-alkylcarbinols. Ingold 11)8 ’ 112 uses the same prin- 
ciples of electron displacement as have been outlined above. A closely 
analogous interpretation has also been given by Robinson, 113 in which 

111 Young and Lane, J. Am. Chem. Soc.. 59, 205 (1937) ; 60, 847 (1938). 

112 Burton and Ingold, J. Chem. Soc., 904 (1928) ; Ingold and Smith, ibid., 2752 (1931) ; 
Ingold and Shoppeo, ibid., 1199 (1929). 

115 Robinson and co-workers, J. Soc. Chem. Ind ., 44, 456 (1925) ; J. Chem . Soc., 1610, 
1619 (1925) ; ibid., 401 (1920). 
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his earlier theories involving partial valencies have been reexpressed in 
terms of electronic displacements equivalent to the polar partial valency 
symbols previously used. The reaction studied by Wallis and Bowman 81 
may serve as an illustration of this transformation. In terms of an 
electronic mechanism based upon the principles of Jones, Stieglitz, and 
Whitmore, at least for that portion which gives rise to an optically 
active product, the reaction may be formulated in the following manner: 

H H H 

/ / \ \ 

Ri OH Ri OH R, OH 

II II I II 

Rj— C— CH 2 -> R 2 — C CH 2 -» R 2 — C — CH 2 

I \ / I 

R 3 R 3 R>3 


It is to be remembered, as has been stated previously, that this mecha- 
nism implies that the hydrocarbon radical supplying the hydrogen atom 
eliminated as water is not the radical which migrates to the adjoining 
carbon atom. In this respect it is in effect opposed to that of Ruzicka . 114 
There are instances, however, of this type of rearrangement in which no 
water is eliminated during the rearrangement process. The reaction 
studied by Wallis and Bowman 74 is an illustration of the point under 
discussion. Therefore, it would seem that an electronic mechanism 
based on the principles of Jones, Stieglitz, and Whitmore more nearly 
represents the true picture of the reaction process at least for that por- 
tion which gives rise to an optically active product. In terms of these 
concepts the reaction would be formulated in the following manner: 


Ri H 

RoiC :C:*0:H 

r 3 ii ’’ 

Ri II 

R 2 :C :C:R 3 

ii 


of :0:H 


Union with 


-> R 2 :C :C 
R 3 a 
Ri H 


electron pair 
with group. 


:0:H or :C1: , 


- \ T, , , Ti Loss of H2O 

.. f r 2 ;g : o:r 3 — — > 


etc. ** H : 0 : II 


ir HCI 


OCR) 

Ri Rj' H 

R 2 :C::C:R 3 or rJcT :C:R 3 

ii ii 


I14 Ruzieka, Helv. Ckim. Acta, 1, 130 (1918); Ruzicka and Liebl, ibid,, 6, 267 (1923); 
see, also, Zumpfe, Monalsh 25, 124 (1904). 
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Similar mechanisms have been proposed by Whitmore 92 to explain the 
nature of the products formed in the dehydration of other types of 
alcohols. 

An electronic mechanism may be used with success to explain various 
other types of intramolecular rearrangements. For example, Ingold 115 
has recently studied the benzidine rearrangement, and has found it to 
be an intramolecular process. It is pertinent that brief description of 
his method be given. Two benzidine transformations were carried out 
in the same homogeneous solution. Two hydrazobenzene derivatives 
were selected which would undergo rearrangement at comparable speeds, 
and which w r ere also of such a nature as to insure a benzidine conversion 
without a simultaneous semidine isomerization. It was found that, 
when mixed in equiinolecular concentrations and allowed to rearrange, 
each acted independently of the other, and that no mixed benzidine 
was formed. From these results Ingold concluded that there was no 
separation of groups either as ions or as radicals. Before the nitrogen 
link is broken the para-positions must come within each other’s sphere of 
influence. The rearrangement takes place within the molecule. He 
explains these facts on the basis of the following formulation: 



in 


This particular description of the reaction process has recently been 
criticized by Robinson , 116 who points out that, if the complex (II) really 
were an intermediate, then such imine salts should readily hydrolyze to 
give phenols and ammonia, two products which have not been observed 
in this rearrangement. Moreover, when this formulation is applied to 
p,p -disubstituted hydrazobenzenes compounds of the type 



should be produced. This also never happens. Therefore, Robinson 
proposes the following: 

115 Ingold and Kidd, J. Chem. Soc. t 984 (1933). 

116 Robinson, “Presidential Address,” J- Chem. Sue., 220 (1941). 
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1. First phase 



(a) is a “full one-electron make 
or break of a covalency. ,, 

The arrows are displacements of 
very small extent relative to (o). 
{a) and (6) are irreversible. 


2. Second phase 


(a) Right-hand 
nucleus 



anionoid complex (i.e., electron donor). 



Electron donor 


These changes relieve the strain in the electromeric system without re- 
versing the first phase and insure the preservation of the aromatic 
character of both nuclei. The simultaneous operation of both phases 
constitutes a process of intramolecular oxidation and reduction which 
leads directly to the formation of the benzidinium salt (III). The hy- 
drazo group is reduced by the electrons which pass through the conduct- 
ing aromatic nuclei. The para-positions at the same time lose two pro- 
tons and two electrons, and become oxidized. Robinson 116 has also 
applied this mechanism to the semidine rearrangement and certain other 
oxidation processes. 

The application of this concept to intramolecular rearrangements 
gives us an explanation of certain other interesting facts. In a study of 
certain intramolecular rearrangements involving optically active radi- 
cals, notably of the Curtius, Hofmann, and Lossen types, it has been 
shown that not only does the optically active group maintain an asym- 
metric configuration during the rearrangement but also that no appre- 
ciable racemization occurs during such transformations. These facts 
are significant in view of the presence of partial or complete raceiniza- 
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lion always observed in the rearrangements of optically active pinacols, 
alkyl phenyl ethers, and terf.-alkylcarbinols, On the basis of an elec- 
tronic mechanism this difference in the optical stability of the tricovalent 
groups is to be expected. The electronic nature of the group containing 
the asymmetric carbon atom is different in the two classes of rearrange- 
ments. In the former case, according to the ideas of Stieglitz 25, 30, 35 
and of Whitmore, 92 the rearrangement process involves a shift of an 
electron pair with its attached group. Thus at no time is the asymmetric 
carbon atom without its full quota of electrons. 

*0* "o 

RsC:N:X -> R:C:N + X:Y -> R:N:C:0: 

Y 

Ri 

R: = R 2 :C: 

H 


In rearrangements of pinacols, and fert-alkylcarbinols, however, the 
optically active group is deprived momentarily of an electron pair. 

Pinacol rearrangement of 3-phenyl-2-benzyl-l-naphthylpropane- 
diol-1,2. 

H H H 

:0: :0: :0:H 

C 6 H & CH 2 :C : C:C u H 7 C fl H B CH 2 :C:C:Ci<,H 7 + : 0 :H 
CellBCHz H CH 2 C 6 Il5 


Rearrangement 


of C b H 6 CH 3 : 


H 

: 0 : 

c 


H 

C:CioH 7 


C 6 H fi CH 2 CH 2 C 6 H 6 


Lobs of 


H 

: 0 : 

-> H:0:*C ; 


H 

C:CioH t 


ii 2 o 

Partially racemized 


C 6 II 5 CH 2 ch 2 c 6 h 6 

0 CjoHj 

/ / 

CcHsCHjC CH 

\ 


CHjC,H 6 


Therefore, its electronic nature is different and it should not be antici- 
pated, even though the migrating group is never free, as the results of 
Wallis and Moyer" have shown, that such a group with a sextet of 
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electrons would have as great optical stability as one in which the 
asymmetric carbon atom has at all times its complete octet of electrons. 

Recent considerations of the Wolff rearrangement give further sup- 
port to these views. This reaction has long been regarded as analogous 

/° 

to the Curtius type of rearrangement, the shift of a — C — N( fragment 

/°/ H 

in the latter process being formally replaced by the fragment — C — C<( 
Thus Arndt and Eistert 117 have formulated the rearrangement as follows 


: .? : n 

• * •• Colloidal 

R:C:C:N:::N: 

.. Ag 

H :0 .: 

“ * * H:A 

R:C:C:A < 


R:C:C: + N 2 

i 

H 

R:C::C ;:0 


H 


where A is OH“, OEt“ NH 2 " -NHC 6 H 5 , etc. 

Since the second step is regarded as involving a shift which leaves 
the radical R always in full possession of its electron pair, it is to be 
expected that on the basis of this formulation an optically active group 
will maintain its asymmetry throughout the process just as in the pre- 
ceding case. This conclusion Is substantially in agreement with experi- 
ment. When R: = (C 6 H fi )(CH3)(n-C 4 H g )C: HA= HOH, C 6 H 5 NH 2 , no 
racemization during rearrangement can be detected. 118 Further, for 


R: = 


° 2 nLJ ch 3 

, HA — HOH, C6H5NH2, no racemization occurs, 



a result which is wholly in accord with the work of Wallis and Moyer 41 
on the Hofmann rearrangement, and which supports the intramolecular 
interpretation of both types of rearrangement. 

It is to be noted, however, that, when R: =» (CeH 5 CH2)(CH 3 )HC: 
HA = HOH, C6H5NH2, complete racemization occurs, while for 
HA = HNH 3 partial racemization results. 119 These facts are surprising 
considering that the stability of the same radical in rearrangement of 
the Curtius type is very probably to be attributed to an enolization of 


117 Arndt and Eistert, Ber., 68, 200 (1935). 

118 Lane and Wallis, J. Org. Ckem„ 6, 443 (1941). 

119 Lane, Willenz, Weissberger, and Wallis, ibid., 5, 276 (1940). 
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H 0 H 


the intermediate CeHaCH^C : C : C: facilitated perhaps by the silver ion 
CH 3 

in conjunction with the catalytic silver surface always present in these 
reactions, i.e., 


- H X H 
C 6 H 5 CH 2 : C : C : C : 
CH 3 


f .. 

IT : 0 : — 
C fl H 6 CH 2 : C : C 

CH 3 C : II 


+ 

+ 

+ 


t 


Ag 


rather than to any essential difference in the electronic behavior of the 
benzylmethylcarbinyl radical during the migration process. 

Before concluding this discussion of the electronic concept as an 
explanation of intramolecular rearrangements it is appropriate to con- 
sider its application to certain stereochemical problems which arc in- 
volved in the chemistry of the isomeric oximes. Jones, Stieglitz, Lach- 
mann, and Whitmore, whose ideas have been discussed in the preceding 
paragraphs, have not applied their electronic concepts to problems deal- 
ing with the phenomenon of cis or trans elimination of radicals or of 
cis or trans migration of radicals in geometrical isomers. The ideas of 
Mills, 120 however, are of special interest in this connection. 

It will be recalled that an easy method of converting benzald oximes 
into the corresponding nitriles is by the action of aqueous sodium car- 
bonate solution on the acetyl derivative of the aldoxime. 

0 0 

/ / 

C 6 H 6 — CH=N— O— C— CH 3 -> C6H b G==N + CH 3 C— OH 

With the aid of the tetrahedral model and of the electronic concept, 
Mills formulates this change as follows: 




Thus, it can be seen that the products are water, benzonitrile, and the 
acetate ion. According to him the liberation of these components 
which are already present in the acetyl derivative constitutes a sccond- 

120 Mills, Chemistry & Industry, 51, 755 (1932). 
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ary reaction and is the result of a direct action of the sodium carbonate 
solution. The primary reaction is the removal of a proton by the hy- 
droxide to form water. 

Mills describes the sequence of changes as follows: “The elimination 
of acetic acid consists of a chain of three events, each dependent on the 
next. The first is the removal of a proton. The second is the move- 
ment of the nitrogen nucleus to bring it into alignment with the phenyl- 
carbon valency. The third, which is the immediate consequence of the 
second, is the liberation of the acet>-ion. 

“The determining factor which causes the unequal readiness of cis 
and trans elimination is the linear configuration of bcnzonitrile. The 
centers of the carbon and nitrogen atoms of the cyanogen group, and 
of the carbon atom of the phenyl group to which it is attached, lie in a 
straight line. The formation of benzonitrile therefore entails the move- 
ment of the nitrogen nucleus in the direction shown.” 

In discussing this sequence of events Mills points out that in the 
acetates of trans - aldoximes this movement aids the liberation of the 
acetate ion since its direction is away from the acetoxyl group. In the 
acetates of the corresponding m-aldoximes the movement of nitrogen 
atom does not give the acetoxyl group equal opportunity to escape as 
the acetate ion. Therefore, since each step in the chain of events is 
dependent on the next, it follows that in the acetates of the as-aldoximes 
the tendency to give up a proton to the alkaline solution is less. Conse- 
quently these acetates are less acidic, and dehydration is more difficult. 
Thus, Mills’ application of the electronic concept loads to the conclu- 
sion that the configurations formerly assigned to the aldoximes have to 
be interchanged. This is in agreement with the more recently discovered 
facts. 

Similar relationships hold for the ketoximes. The work of Meiscn- 
heimer has shown that in the Beckmann rearrangement the radicals 
which migrate do not lie on the same side of the ON group. Here, 
also, it has been necessary to interchange the configurations which were 
formerly given to these isomeric compounds. Mills has proposed an 
interesting explanation of how a frcms-inigration of the group occurs. 

In the preceding sections of this chapter the phrase “migration of 
the group” has often been used. Such terms are generally employed. 
Mills points out, however, that if isolated molecules are considered, 
and it is remembered that in nature moment of momentum is conserved, 
then it becomes obvious that very often most of the movement involved 
in a rearrangement is not made by the group but by a particular atom . 120 
In the oximes it is the nitrogen atom which probably undergoes dis- 
placement. Mills represents this change as follows: 
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Euul Form ol the Auflido 


With the aid of such a diagram it may be seen at a glance that the trans- 
migration is much more probable. 

This formulation of the rearrangement process, however, is open to 
certain valid criticisms. It must be remembered that the argument of 
Mills, that the total moment of momentum for a molecule must be con- 
served in a reaction, is true only for a single molecule which is far away 
from other molecules and from the walls of the reaction vessel. In the 
presence of these other molecules no such principle holds, and therefore 
conclusions drawn from it have only accidental validity. Even for an 
isolated molecule the usefulness of this principle is very questionable, 
for if the only condition of rearrangement lay in conserving the total 
moment of momentum then it would be possible to bring about any 
kind of internal rearrangement one desired. Since this is not possible 
it would seem that a more fundamental principle is involved. 


APPLICATION OF THE MODERN THEORY OF REACTION RATES TO THE 
STUDY OF INTRAMOLECULAR REARRANGEMENTS 

It is now well established that the factor which in reality determines 
whether a molecule can or cannot undergo chemical reaction is the 
amount of internal energy which it possesses. In concluding this chap- 
ter it seems fitting to discuss briefly, in the way which has been found 
to be so effective in physical chemistry, the application of this principle 
to reaction processes. 

The chief data used by chemists in determining structure are the 
type reactions which the molecule undergoes. In the past the organic 
chemist has been satisfied with a knowledge of the configuration of 
stable molecules, that is, the relative positions of the atoms, and in some 
instances their interatomic distances. This situation, however, is now r 
changing rapidly, and at the present time it is possible to understand 
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reactions in a way which was not possible a very few years ago. One 
example will serve to illustrate the point. 

If, in addition to the relative positions of the atoms in a molecule 
and their distance apart, one also knows their vibration frequencies 
and the heat of reaction for a chemical process, it is now possible to cal- 
culate the equilibrium constant for the reaction. This has been done 
already for many organic molecules , 121 and the procedure is becoming 
of increasing importance not only to those who wish to understand the 
fundamental principles of chemistry, but also to those who wish to 
apply them. 

The modern theory of reaction rates in the form proposed by Eyring , 122 
and applied by him and his co-workers to several reaction processes, 
proceeds along entirely similar lines. According to Eyring, even for 
very complicated reactions involving one or many molecules, “there is 
some stage (or stages if it be a chain reaction) which is slowest, and, 
therefore, is the rate-determining process.” He calls this stage the ac- 
tivated state, and the arrangement of the atoms in this state he desig- 
nates as the activated complex. Applying the principles involved in 
chemical equilibria , 123 if one knows the distance between the atoms, 
their vibration frequencies, and the energy of the activated state as 
compared with the initial state, one can calculate the corresponding 
equilibrium constant K x for the activated complex. Since this complex 
decomposes at the rate JcT/h, the specific reaction rate, k for the reac- 
tion is given by the equation 


:tf/K x kT 


( 1 ) 


where the chance that a molecule has of decomposing by passing 
once through the activated state, and k, T, and h are Boltzmann’s con- 
stant, the absolute temperature, and Planck’s constant, respectively. It is 
at once obvious that since the activated complex has a mean life of h/kT 
which at room temperature is approximately 10 -13 second it cannot be 
isolated and examined. Conversely, any intermediate compound which 
can be isolated cannot even remotely resemble the activated complex. 
If this is true then any evidence about reaction mechanisms of molecular 
rearrangements which is based upon isolated intermediate compounds 
must be examined very critically. 

121 Kassel, J. Am. Chem. Soc., 55, 1351 (1933) ; J. Chem. Phy 4, 435 (1936) ; Smith 
and Vaughan, ibid., 3, 341 (1935). 

122 Eyring, ibid., 3, 107 (1935) ; Wynne-Jones and Eyring, ibid., 3, 492 (1935). See, 
also, Pelzer and Wigner, Z. physik. Chem., 15B, 445 (1932) ; Wigner, ibid., 19B, 203 (1932) ; 
Evans and Polanyi, Trans. Faraday Soc., 21, 875 (1935). 

123 Stearn, Ri, and Eyring, private communication. 
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Since according to the theory of equilibrium 

K = e ~AF/RT = e AS/fl. c -A///Kr 

then we may write equation 1 in the form 

Jr 7 * + JcT + + 

jfc' = — e-w'/RT = zL c m*/r . e - AfiVar /<>) 

A A v 

where jf 3 - 1 and AF* AS* and AH* are the standard increases in free 
energy, entropy, and heat content, respectively, when the activated 
complex is formed from the reactants. AH* can thus be obtained from 
the relation 

AH t m RT , MM _ RT [ diffftrentia i form of ( 2 )] 

AH* and k' being known, AN* can be evaluated. 

It is possible in principle to evaluate A H + and AN* from spectro- 
scopic data, but, except for a few simple reactions, such a procedure, 
which is quite laborious, is not at present satisfactory. The present 
usefulness of equation 2 in organic chemistry, therefore, lies more di- 
rectly in the study of reaction mechanisms. It is also to be pointed out 
that, for a system which may undergo either of two (or more) reactions 
resulting in different sets of products, it is frequently true that AN is 
nearly the same for each reaction. This means that the values of k' 
for the two possible reactions k f , t and k'u which determine the relative 
yields will depend on factors which affect the values of AH for the two 
reactions. 

Recently Ri and Eyring 124 have studied the general problem of the 
nitration of monosubstituted benzenes from this point of view. They 
accept the general explanation usually advanced in modern organic 
chemistry as to why some substituents are ortho- and para-orienting 
while others are meta-orienting. It is to be recalled that this general 
explanation involves the following two assumptions, (a) By induction 
and resonance effects an ortho- para-orienting substituent makes the 
electron density on the corresponding carbon atoms greater than that 
on the meta-carbon atom. A meta-orienting group acts in the opposite 
manner, (ft) Substituting agents are electrophilic, i.e., 125 electron-seek- 
ing, because of this positive nature. Because of this they react most 
easily with that carbon atom which is surrounded by the greatest num- 
ber of electrons. 

If this explanation is correct then the percentage yields of ortho-, 
meta-, and para-compounds, which of course are proportional to the 

124 Ri and Eyring, J. Chem . Phys., 8, 433 (1940). 

125 Ingold, J. Chem. Soc., 1120 (1933). 
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corresponding reaction rates, should provide a means of determining 
the charge distribution, and hence should permit calculations of the 
dipole moments of such molecules from rate data alone. If the moments 
so calculated agree with those observed experimentally the above ex- 
planation of the orienting power of substituents would have a more sub- 
stantial basis, and consequently assumption ( b ) could be formulated 
more precisely. Conversely, one could also calculate with justification 
the relative rates of substitution in orlho-, meta- f and para-positions 
solely from dipole moments. 

By making certain assumptions Ri and Eyring 12B have done this 
in the case of the nitration of certain moiiosubstiluted benzenes. By 
means of the same treatment of the problem Steam, Ri, and Eyring 123 
have also been able to throw light on mechanisms involved in molecular 
rearrangements. It is fitting at this time to discuss such processes from 
this point of view. The pinacol and Hofmann rearrangements may be 
chosen for illustration. 

These investigators are of the opinion that there arc two possibilities 
for the mechanism of the pinacol rearrangement. Either the hydroxyl 
group may first be removed, followed by the breaking of the bond hold- 
ing the migrating radical, or else the two bonds in question break in the 
reverse order. It vseoms the more probable that one of the C — OH bonds 
breaks first. For symmetrical pinacols the two C — OH bonds arc 
equivalent. Therefore, each bond has the same probability of rupture. 
If such a rupture is the first process then the “migration aptitude” of a 
particular group will have a significance independent of the molecule 
as a whole. On the other hand, for unsymmetrical pinacols the nature 
of the groups will determine largely which of the two O — OH bonds 
will break the more easily. As a result any relative migration aptitudes 
of these groups will depend on their arrangement as well as on their 
individual properties. In the more idealized type cases Eyring and his 
co-workers have pictured more definitely the mechanisms for the sym- 
metrical and the unsymmetrical pinacols. Taking for the purpose of 
illustration a molecule in which the groups Ri and R2 are of such a 
nature that Rj is distinctly more electrophilic than R 2 they state that 
for the unsymmetrical pinacol 

a b /R2 

c — c< 

I I X R S 

on on 

“since R 2 is the stronger electron donor, the carbon to which it is at- 

128 Ri and Eyring, unpublished results. 
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tached will have a weaker bond to its oxygen atom than will the other 
carbon, and thus as a net result, Ri will migrate predominantly. * If 
the Ri groups are different but both more electrophilic than R 2 then 
the relative amounts of Rj groups migrating will depend on the indi- 
vidual ‘migration aptitude/ It is seen that such a mechanism does not 
preclude the possibility of some migration of R 2 groups. The given 
conditions merely assume that the migration of R! groups predominates. 

. . R \c_ c / Rl 

“For the symmetrical pinacols, c , each C— OH bond 

JM I j • N I\2 

OH OH 

has an equal chance of breaking, and the end result will be the .same 
whichever bond breaks. When the OH splits as an ion at the point indi- 
cated by the dotted line, taking with it a proton from the other Oil to 
form water, this will leave a negative charge accumulated on the carbon 
atom which retains its oxygen, so that now R 2 , being less electrophilic 
than Ri, will migrate predominantly. Thus, it will happen frequently 
that in a symmetrical piriacol one group migrates predominantly whereas 
in the unsymmetrieal isomer another group undergoes the change.” 
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Introduction. From the time that the student of organic chemistry 
reads an elementary textbook until the day that his contact with the 
science is broken, he will be under the necessity of comparing the chemical 
behavior of substances having the same or similar functional groups. 
The number of carbon compounds is so large and so many of them have 
similar reactions that he finds it convenient to relate certain types of 
reaction to certain structures or functional groups. In particular, he finds 
that the principle of homology enables him to group together large num- 
bers of compounds which behave similarly under specified conditions. 
However, he realizes as he progresses beyond the most elementary stage 
that not even homologs show identical reactions, and isomers may even 
show qualitative as well as quantitative differences in behavior. He 
thus is driven to make comparisons in the chemical behavior of sub- 
stances having similar functional groups. It is the purpose of this chap- 
ter to give an analysis of the methods whereby the chemical reaction of 
compounds may be compared and to note some of the simpler relation- 
ships of structure and chemical reactivity. An attempt will be made to 
define what may be meant by a statement that compound A is more 
“stable” or “reactive” than compound B, or that radical A is more 
“negative” or “positive” than radical B. 

Bridgman in his book “The Logic of Modern Physics develops 
the thesis that “physical concepts have meaning only in so far as they 
can be defined in terms of operations.” Langmuir 1 in his presidential 
address entitled “Modern Concepts in Physics and Their Relation to 
Chemistry” before the American Chemical Society refers to the impor- 
tance of Bridgman’s thesis and discusses its relationship to chemistiy, 
for “Science” might well replace “Physics” in the title of Bridgman s 
book. Langmuir states that “The progress of modern science depends 
largely upon (1) giving to words meanings as precise as possible; (2) 
definition of concepts in terms of operations; (3) development of models 
(mechanical or mathematical) which have properties analogous to those 
of the phenomena which wc have observed,” 

The present chapter is an attempt to illuminate steps 1 and 2 of 
this program so far as it applies to the comparison of the chemical re- 
activity of organic compounds, for in perhaps no other group of phe- 
nomena is it more necessary that a statement of comparison be linked 
to the operation by means of which the experimental data underlying 
the statement were obtained. 

A comparison of the chemical reactivity of two or more compounds 
may be made (A) in a system that is at equilibrium or (B) in a system 
that is not at equilibrium. These two aspects of the problem have 

1 Langmuir, J. Am. Chem. Soc„ 51, 2847 (1929). 
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been variously characterized as “affinity and rates/’ “point of equilib- 
rium and degree of mobility/’ “extent and speed.” The terminology 
is relatively unimportant, but the realization of a fundamental difference 
between the two groups of phenomena is of primary significance. Com- 
parisons of the former type are limited to reversible reactions which 
under the conditions of study result in reaction mixtures containing 
calculable or measurable quantities of all the reactants. Such com- 
parisons have been made, for example, for the strength of acids and of 
bases, the ester and acetal reactions, the dissociation of the hexasub- 
stituted ethanes, the enolization of diketones and keto esters, the 
addition of hydrocyanic acid to aldehydes, the isomerization of unsatu- 
rated compounds, the rearrangement of halides, and the reduction of 
quinones. 

The rate aspect of the problem of the relationship of constitution 
to chemical reactivity logically is divisible further into three sections 
because of the differences in the operations which must be resorted to 
in making the comparisons. In the first type of experimentation (B*), 
rates are measured under identical conditions for the members of a 
group of compounds. In the second type of experimentation (B 2 ), the 
severity of the conditions necessary for bringing about a given trans- 
formation is determined for the compounds to be compared. In the 
third type of experimentation (B 3 ), the relative rates of simultaneous or 
competitive reactions are determined (for each of the compounds to be 
compared) under a standard set of conditions; actually the amounts of 
the products obtained from each compound are usually determined and 
compared with each other or with the amount of the original compound 
which underwent reaction. 

Comparisons of the relative chemical reactivity of substances based 
upon the rates of reaction might be carried out on any reaction, irrespec- 
tive of whether it were reversible or irreversible, and, in fact, many such 
comparisons have been made. The illustrations of such comparisons 
given below are selected because of the care and completeness evidenced 
in the study, and perhaps because the author of this chapter was par- 
ticularly interested in the results. Many equally meritorious pieces of 
work have been omitted because of the lack of space. 

Strength of Acids and Bases. The most extensive comparisons with 
respect to the relation of structure of organic compounds to their chemi- 
cal behavior in a reversible reaction have been those which were con- 
cerned with the strength of organic acids and bases. 

The resulting data arc so voluminous that no attempt will be made 
to present them here. However, the range in the strength of organic 
acids is much greater than would be indicated by the measurements 
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made in water solutions, on which most computations arc based. Con- 
ant 2 has pointed out that the typical aliphatic carboxylic acid is per- 
haps 10 20 as strong an acid as triphenylincthane yet acetamide in acetic 
acid is TO 6 as strong as acetic acid in water solution. 

Conant and Wheland 3 made a comparison of very weak acids by a 
novel method (p. 533) which took advantage of the partition of Na + 
or K f between the acid radicals, i.e., RH + R'K<=HtK + R'H. If a 
given R gives up hydrogen to R' then R is more acidic, i.e., negative, 
than R'. The exchange was carried out in ether between selected pairs 
of compounds from a group of eleven weak acids. Whether an exchange 
had taken place between a given pair of compounds was determined by 
the color changes in the ether solution or by carbonating the metallic 
compound after an opportunity for exchange had been allowed. The 
carboxylic acid so formed could then be isolated and characterized. As 
a result of these comparisons Conant and Wheland concluded that the 
order of increasing acidity of the compounds studied was as follows, 
the acidic hydrogen being starred ; 

C6ll5CH(CH 3 )2 < (C 6 H & )2C=<!HCH3 < (CJT 5 ) 2 CIT 2 < (CbHs^CHCioIIt < 

(C 6 H 5 ) s CH < (CeH^CHCeHAHs < 0(C 8 H 4 ) 2 CH2 < 

OH 

C 6 II 4V * /CH * I 

I >CHC 6 IT 5 < C 6 h/ * >CH < CeHsOsCH < C 8 1I 5 C=CH 2 

c.h/ x ch/ 

Equilibria in Reaction of Hydrocyanic Acid with Aldehydes and 
Ketones. Lapworth and Manske 4 determined the concentrations of 
hydrogen cyanide at equilibrium in the formation of cyanohydrins from 
aldehydes and ketones (p. 646), i.e., > C=0 + HCN > C(OH)CN. 
A consideration of the procedure which they followed and of the pre- 
cautions which they took is instructive. The reaction was carried out 
at 20° in alcohol (96 per cent C2H5OII, 4 per cent H2O) in the presence of 
tripropylamine as a catalyst. Nitric acid was added to neutralize the 
catalyst after the completion of the reaction and before the uncombined 
hydrogen cyanide was estimated by addition of a standard solution of 
silver nitrate. The soluble silver was then estimated by titration. 
The quantity of catalyst (0.14 millimole) was small in proportion to the 
quantity of reactants (approximately 10 millimoles), thus insuring that 
even though the catalyst combined with one of the reactants the effec- 
tive concentrations at equilibrium would be but little modified. It was 

2 Conant, Ind. Eng. Chem 24, 466 (1932). 

a Conant and Wheland, J. Am. Chem . Soc ., 54, 1212 (1932). 

4 Lapworth and co-workers, J. Chem . Soc., 2533 (192S) ; 1976 (1930). 
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ascertained that variations in the concentration of the catalyst did not 
affect the concentration of cyanide at equilibrium. That a true equi- 
librium had been attained was shown (a) by the fact that the same 
concentration of cyanide was found after 0.5 hour as after a day, and 
(i b ) by the fact that the value of the equilibrium “constant” was inde- 
pendent of the concentrations of the reactants. 

Lapworth and Manskc note that “It is evident that errors arising 
out of inaccurate measurements of the concentrations entering into the 
formula for the equilibrium constant are proportionately greatest when 
any of the three concentrations becomes very small, and this tends to be 
the case if the cyanohydrin has either a very low or a very high dissocia- 
tion constant, the former being particularly unfavorable for accuracy. 
These considerations were always kept in mind while deciding the best 
ranges of concentration and proportions of constituents to be taken in 
the scries of measurements made with each aldehyde and ketone 
examined.” 

It may be of interest to note in connection with the tabulation of 
results that an aldehyde or ketone having a value for K less than 0.1 
(10 as tabulated) has a per cent conversion to the cyanohydrin of greater 
than 90 per cent when equimolecular amounts of carbonyl compound 
and hydrogen cyanide are allowed to react. The per cent conversion to 

TABLE 1 


Effect of Substituents on the Extent of the 
Reaction of Hydbogen Cyanide with Derivatives 
of Benzaldehyde 


Substituent 

K X 10 2 

AF (keal.) 

None (99%) 

0.47 

-3.1 

o-Nitro 

0.07 

-4.2 

w-Nitro 

0.27 

-3.4 

p-Nitro 

1.81 

-2.3 

o-Chloro 

0.10 

-4.0 

m-Chloro 

0.25 

-3.5 

p-Chloro 

0.49 

-3.1 

o-Methoxy 

0.26 

-3.5 

m-Methoxy 

0.43 

-3 2 

p-Methoxy (97%) 

3.12 

-2.0 

o-Hydroxy 

1.67 

-2.4 

m-IIydroxy 

0.48 

-3.1 

p-Hydroxy 

7.66 

-1.5 

m-Methyl 

0.60 

-3.0 

p-Methyl 

1.03 

-2 7 

2-Me-4-MeO 

2.00 

-2.3 

3-Me-4-MeO 

3.82 

-1.9 

p-Di-Me-amino (71%) 

39.00 

-0.5 



COMPARISON OF CHEMICAL REACTIVITY 


1037 


TABLE II 

Effect of Substituents tn Ketones on the Extent 
of the Reaction of the Ketone with JJCN 


R 


CH s COR 

K X 10 2 

AF (kcal.) 

Methyl (97%) 

3.05 

-2 0 

Ethyl 

2.65 

-2,1 

7i- Propyl 

3.55 

-1.9 

n-Butyl 

3.20 

-2.0 

Isopropyl 

1.55 

-2,4 

tert .- Butyl 

3.10 

-2 0 

Benzyl 

2 15 

-2.2 

(8-PhenyIethyl 

3.50 

-2.0 

■y-Phenylpropyl 

3.60 

-1.9 

c 6 h 6 cor 

Methyl (46%) 

130 

+0.2 

Ethyl 

60 

-0.3 

w-Propyl (55%) 

90 

-0.05 

77-Butyl 

115 

+0,1 

7i- Amy) 

130 

+0.2 

71 -Hexyl 

145 

+0,2 

Isopropyl 

25 

-0.8 

Isobutyl 

155 

+0.3 

Isoamyl 

155 

+0.3 

Isohexyl 

125 

+0.1 

feri.-Butyl (91%) 

9 

-1.4 

Cyclohexyl 

40 

-0.6 

Phenyl 


No reaction 

Cyclic Ketones 

Cyclopcntanone 

1.49 

-2.4 

Cyclohexanone 

0.09 

-4.1 

2-Methylcyclohexanone 

0.06 

-4.3 

3-Methylcyclohexanoue 

0.30 

-3.4 

4-Mcthyleyclohexanone 

0.13 

-3.9 

Cycloheptanone 

7.96 

—1.5 

Menthone 

6.54 

—1.6 

3-Me-2-«o-Pr-cyclohexanone 

a-Hydrindone 

610.0 

+1.1 

a-Ketotetrahydronaphthaleni 

e 806.0 

+1.0 

Fluorenone 

146 

+0 . 2 

Camphor 

No appreciable reaction 

Anthrone 

No appreciable reaction 

Xanthone 

No a, 

ppreeiable reaction 
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cyanohydrin of several carbonyl compounds with an equimolccular 
amount of hydrogen cyanide has been indicated in parentheses in the 
tables. The quantity K is the dissociation constant of the cyanohydrin 
into carbonyl compound and hydrocyanic acid; therefore, the higher 
the value of K the less the extent of the synthetic reaction. 

A consideration of the data on the derivatives of benzaldehyde indi- 
cates that the substitution of a nitro, chloro, or methoxy group in the 
ortho-position to the aldehyde group increases the stability of the cyano- 
hydrin as compared with benzaldehyde. The nitro, chloro, methoxy, 
hydroxy, and methyl groups have little or no influence in the me fa- 
position; in the para-position all (except chloro) exert a markedly nega- 
tive influence upon the stability of the addition product. The dimethyl- 
amino group in the para-position greatly decreases the stability of the 
cyanohydrins. 

The data on the methyl ketones indicate that with the exception of 
the isopropyl group there is relatively little difference between methyl, 
ethyl, n-propyl, isopropyl, n-butyl, benzyl, phenylethyl, or phenyl- 
propyl. The affinity of these ketones for the addition of hydrogen 
cyanide is markedly lower than in the case of acetaldehyde and benzal- 
dehyde. The phenyl ketones show a very low affinity for the addition 
of hydrogen cyanide, the ultimate effect being noted with diphenyl 
ketone which did not add hydrogen cyanide to an appreciable extent. 
The most striking fact brought out by these data on the phenyl ketones 
is that phenyl isopropyl ketone and phenyl terf.-butyl ketone have the 
highest affinity for addition of hydrogen cyanide of any of the ketones 
studied. This is surprising because the secondary and tertiary alkyl 
radicals are in several reactions more like the aryl radicals than are the 
primary alkyl groups. 

The data on the cyclic ketones apparently show that the cyclopen- 
tane ring increases affinity for hydrogen cyanide addition as contrasted 
with the corresponding open-chain ketone, while the cyclohexane ring 
materially increases further the tendency for addition of hydrogen cya- 
nide. The seven-membered ring in cylcoheptanone shows a low stability 
of the cyanohydrin while the other cyclic ketones studied show a very 
much lower affinity for addition of hydrogen cyanide than would sat- 
urated open-chain compounds. 

Oxidation Potentials. The relative strengths as oxidizing agents of 
many quinones have been determined. The strength of a -quinone as 
an oxidizing agent is usually expressed in volts with reference to the 
potential of the normal hydrogen electrode. The larger the value of 
the “oxidation” or “oxidation-reduction” potential of a quinone the 
more powerful is the quinone as an oxidizing agent. The reduction of 
a quinone to a hydroquinone is a strictly reversible process, and an 
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aqueous solution containing appreciable quantities of the two substances 
and a fixed hydrogen-ion concentration establishes a definite and ac- 
curately determinable potential at a platinum electrode. The values 
for typical quinones are: diphenoquinone 0.95, p-benzoquinone 0.71, 
1,4-naphthoquinone 0.48, and 9,10-anthraquinone 0.15. 

These four quinones differ very greatly from one another as oxidiz- 
ing agents. For example, if equimolecular amounts of p-benzoquinone 
and 1,4-dihydroxynaphthalene were allowed to react there would be at 
equilibrium only one molecule of p-benzoquinone for approximately 
10,000 molecules of 1,4-naphthoquinone. 

The simple ketones and aldehydes appear to be somewhat similar 
to 9,10-anthraquinone as oxidizing agents. 5 Their oxidation potentials 
cannot be ascertained by direct measurement at a hydrogen-platinum 
electrode, but the values can be calculated from the concentration at 
equilibrium in such a system as 

R 2 CO+ R^CHOH RaCHOH + ll&O 

where R 2 CO is anthraquinonc, for example, and R^CO is the ketone 
whose oxidation potential is desired. The equilibrium may be estab- 
lished in the presence of aluminum teri.-butoxide at 00 to 80°. By this 
method, the oxidation potential of benzaldehydc was found to be 0.20, 
cyclohexanone 0.19, acetone 0.16, and camphor 0.11 volt. 

Heats of Hydrogenation. The relative reactivity of a series of 
compounds from the thermodynamical standpoint may be measured by 
means of the concentrations at equilibrium, as illustrated above for the 
addition of hydrogen cyanide, or by the determination of the potential 
set up at an electrode as in the case of the quinones. Another method 
of measurement depends upon a knowledge of the heats of reaction 
coupled with the use of the heat capacities of a series of compounds and 
the third law of thermodynamics. 

One of the most precise and significant studies in relative reactivity 
by the latter method is that of Kistiakowsky and his associates. 6 They 
measured directly the heats of hydrogenation of many compounds by 
carrying out the reaction catalytically in a calorimeter. The following 
comparisons are stated in terms of ~ AH at 355° K in kilogram calories. 
The values for ethylene, but.ene-1, and butene-2 are 32.6, 30.3, and 28.0, 
respectively, thus indicating the decrease in — AH with increase in sub- 
stitution. A double bond in conjugation also decreases the value of 
~AH. For example, the hydrogenation of one double bond in buta- 
diene-1,3 gave a value of 26.7, while the value for butene-1 is 30.3. 

5 Baker and Adkins, J . Am. Chem. Soc., 62, 3305 (1940). 

6 Kistiakowsky ct al., ibid., 61, 1868 (1939). 
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The most striking observation was that the value of — AH for the addi- 
tion of one mole of hydrogen to benzene was +5.6. That is to say, the 
saturation of the first double bond in benzene is an endothermic reaction. 
The value of — AH for the second step in the hydrogenation of benzene 
is —26.7, while the third step gives a value of —28.6. 

The data given above are intended merely for illustrative purposes 
since the original papers (1935 to 1939) are so valuable that they should 
be read by anyone interested in the relation of structure to the reactivity 
of the carbon-to-carbon double bond. 

Equilibria in Enolization. Conant and Thompson 7 have augmented 
in a very significant way our knowledge of the relationship of structure 
and the extent of enolization of j3-keto esters and jfr-diketoncs. They 
“measured directly the equilibrium between a keto and an enol isomer 
in the gaseous phase (at low pressures), and thus obtained the free 
energy referred to the gaseous state (AE° = — RT In K ). 

“Since the inter conversion of the two isomeric forms does not pro- 
ceed directly in the gaseous phase, it 'was necessary to use the liquid 
phase as a go-between, as it were. This was accomplished by keeping 
an equilibrium mixture of the keto and enol forms at a given tempera- 
ture and measuring the composition of the vapor in equilibrium with 
this mixture. Chemical and physical equilibrium conditions were as- 
sured by introducing a small amount of solid barium hydroxide as a 
catalyst and agitating the liquid sufficiently to keep renewing the sur- 
face in contact with the gas phase. The composition of the gas phase 
was determined by withdrawing it at very low pressure (without con- 
densation) to a non-catalytic receiver at —80° C. where it was condensed 
without isomerization. It was then analyzed by the usual bromine 
titration method. The results are summarized in Table III. 

“A study of the data shows that the regularities in the free energy of 
enolization referred to the gaseous phase are for the most part lacking 
when the liquid-phase value of K is employed for calculating AF . 
Thus, the large difference between acetoacetic ester and its alkyl deriva- 
tives (including benzyl) is masked by the disturbing solvent effects 
which here are of the order of 1 keal. In the series of alkyl derivatives 
themselves, the gaseous-phase results show the essential similarity of the 
ethyl, n-propyl, andn-butyl compounds (AF — 1.2 ± 0.1 keal.), and their 
definite but slight difference from the isopropyl derivative (AF =1.6 
keal.). It is interesting that the free energy of enolization, as determined 
with a dilute hexane solution, parallels the gaseous result closely. If 
further investigation shows that this is true for a large variety of sub- 
stances, it would be a matter of some practical as well as theoretical 

7 Conant and Thompson, ibid., 54, 4044 (1932) . 
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TABLE III 


Extent of Enoljzation 
(Conant and Thompson) 


Substance 

Gaseous State | 

Pure Liquid 

In Cellu 

(0.1 AT) 

%Enol 

AF 

%Enol 

A F 

% Enol 

A F 

CH 3 COCH 2 CO 2 CH 3 

54 

- 0.1 

6 

1.6 



CH 3 COCH 2 CO 2 C 2 HG 

46 

0.1 

8 

1.5 

49 

0.0 

CH3C0CH(CH 3 )C0 2 C2H 8 

14 

1.1 

4 

1.9 

11 

1.1 

CH 3 C0CH(C2H5)C0 2 C2H5. . . 

10 

1.3 

3 

2.1 

14 

1.1 

CHjC 0 CH(n-C a H 7 )C 0 2 C 2 lI 5 . . 

13 

1.1 

7 

1.5 

14 

1.1 

CH 3 COCH(wo-C3H7)C02C2H 5 . 

6 

1.6 

5 

1.8 

6 

1.6 

CH 3 COCH(/1-C4H<))C0 2 C2H 5 . . 

14 

1.1 

6 

1.6 

10 

1.3 

CH 3 C 0 CII($€c.-C 4 H 9 )C 0 2 C 2 H 5 . 

9 

1.4 

8 

1.4 

9 

1 .3 

CH 3 C0CH(C6ll5)C0 2 C 2 H 5 . . . . 

SO 

-os 

30 

0.5 

67 

-0.4 

CH 3 COCH (CII 2 CGH 5 ) C 02 C 2 H 5 

12 

1.2 

5 

1.8 

12 

1.2 

CH 3 COCIl 2 COCH 3 

92 

-1.3 

78 

-0.7 

92 

-1.3 

CII;£OCH(CH 3 )COCH 3 

44 

0.1 

30 

0.5 : 

59 

-0 2 

CIWOCH^HdCOCHs 

35 

0.3 

26 

0.6 

26 

0.6 

CIIaCOCH^CsHsJCOCHj 

70 

-0.5 

61 

-0 25 

68 

-0.5 

CH(C0 2 CHa ) 3 

12 

1.2 

1 

2.C 



C 6 H 5 COCH 2 COCH 3 



99* 




C 6 H 5 COCH(CH 3 )COCH 3 



6 * 




C B H 6 COCH 2 COC 6 H 5 



100 * 




C 6 H5COCH(CH3)COC 6 ll5 



0 * 





* These values are from other sources. 

importance, as there are a number of compounds which cannot be well 
studied by the gaseous-phase method. As those familiar with Kurt 
Meyer’s work know, hexane is the solvent which most favors enolination. 
One may suppose that in this solvent we are most closely approaching 
the gas condition, as the mutual attractions of the keto and enol forms 
are diminished by dilution, and the saturated hydrocarbon has but 
slight molecular attractive forces.” 

Equilibria and Rates in Three Carbon Tautomerism. Among the 
most important and interesting studies on chemical reactivity are those 
having to do with the relationship of structure to the rate and extent of 
reaction in three carbon tautomerism (p. 1018 ): 
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TABLE IV 


Mobility and Equilibria in Three Carbon Taittomerism of Certain Acids, 
Cyanides, and Esters 
(Compiled by R. P. Linstead) 


Name of a,/?- 
Compound 

a 

Substituents 

0 7 7 

Equi- 

librium 

%>a,0“ 

Compel. 

Mobil- 
ity or 
Rate 

1 

Observers 



Acids ( X = 

C0 2 H) 



Crotonic 

H 

H 

II 

II 

j 98 1 

1 v. high 

L. and Noble 8 

n-Pentenoic 

H 

H 

Me 

H 

68 

9.8 

L. and Noble 

n-Hexenoic 

H 

H 

Et 

H 

74 

6.0 

L. and Noble 

a -Methylpen tenoic. . . 

Me 

H 

Me 

H 

81 

7.0 

Goldberg and L 9 . 

a-Methylhexenoic . . . . 

Me 

H 

Et 

H 

89 

18.8 1 

Kon, L., and Mac- 







i 

lennan 10 

jS-Methylpentenoic . . , 

H 

Me 

Me 

H 

38 

0.69 

Kon, L., and Wright 11 

7 -Methyl pen tenoic . . . 

H 

H 

Me 

Me 

22 

4.5 1 

L. 12 

0-Ethyl pentenoic 

H 

Et 

Me 

H 

21 

0.64 

Kon, Leton, Parsons, 






l 


and L. 13 

7 -Ethylpentenoic 

H 

H 

Me 

Et 

22 

3.1 

L. and Mann 14 

0-Dim ethylpent.enoie 

Me 

Me 

Me 

II 

72 

0.12 

Kon, L., and Mac- 








lennan 10 

a-Methyl-j3-ethylpen- 

Me 

Et 

Me 

II 

50 

0.0058 

Kon, Leton, L., and 

tenoic 







Parsons 13 



Cyanides (A 

= CM) 



Butenoic 

H 

H 

H 

H 

ca 98 

v. high 

Letch and L. 15 

rc-Hexenoic 

H 

H 

Et 

H ! 

86 

930 

Letch and L. 

0- Methyl pen lenuie . . . 

H 

Me 

Me 

H 

ca 99 

v. high 

Kandiah and L. 16 

7 -Methylpentenoic . . . 

H 

II 

Me 

Me 

21 

170 

Letch and L. 15 



Ethyl Esters ( X 

= C0 2 Et) 


rc-Hexenoic 


H 

Et 

H 

[ ca 92 

j 153 

[ Kon, L., and Mac- 








lennan 10 

a-Methylhexenoic . . . . 

Me 

H 

Et 

H 

95 

151 

Kon, L., and Mac- 








lennan 

/3- Meth yl pentenoi c . . . 

H 

Me 

Me 

H 

75 

26 

Kon, L., and Mac- 








lennan 

7 -Mcthylpentenoie . . . 

H 

H 

Me 

Me 

ca 10 

high 

L. 17 

a,jS-DimethyIpentenoic 

Me 

Me 

Me 

II 

94.5 

2 

Kon, L., and Mac- 








lennan 10 


8 Linstead and Noble, J. Ckem. Soc., 614 (1934). 

9 Goldberg and Linstead, ibid., 2343 (1928). 

10 Kon, Linstead, and Maclennan, ibid., 2452 (1932) 

11 Kon, Linstead, and Wright, ibid., 599 (1934), 

12 Linstead, ibid., 1603 (1930). 

13 Kon, Leton, Linstead, and Parsons, ibid., 1411 (1931). 

14 Linstead and Mann, ibid., 2064 (1930). 

11 Leteli and Linstead, ibid., 443 (1932). 

18 Kandiah and Linstead, iind., 2139 (1929). 

17 Linstead, ibid., 2498 (1929). 
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the more significant numerical results of these studies which have to do 
with the behavior of acylic compounds where X Ls COO - , ON, or 
C0 2 Et. 

The acids were equilibrated in aqueous solution in the presence of 
excess alkali at 100°. 18 The cyanides and esters were equilibrated in 
an alcoholic solution using sodium ethoxidc as a catalyst at 25 °. 19 
The analytical method was that described by Linstead and May 20 and 
depends upon the difference in the case of addition of iodine to alkeno 
linkages in the /3,y- as contrasted with those in the apposition. 

The data in the table make it clear that at equilibrium unsubsti- 
tuted acids exist almost entirely in the a, /3-form. One y-substituent 
is essential to give some /3,7 stability while a second 7-substituent makes 
the /3,7-unsatu rated compound the major component of the equilibrium 
mixture. /3-Substitution favors the /3,7-phase but not so powerfully as 
does 7-substitution. The general effect of the position of substituents 
upon the proportion of the tautomers is the same in the three types of 
compounds investigated. However, in certain cyclic acids the /3,7-form 
is favored, e.g,, 85 per cent /?,y for cyclopcntylidencacetic acid, 88 per 
cent for cyclohexylidcncacetic acid, and 67 per cent for cyclohcptyl- 
ideneacetic acid. 

/3- and 7-substituents have much the same effect in ketones as in 
acids and esters, but an a-alkyl group causes not only a great diminution 
of mobility but also a pronounced shift in equilibrium towards the 
/3,7-form. The cyclic ketones show remarkable differences; for example, 
Non observed 77 per cent <x,& for cyclopcntylideneacetone, 23 per cent 
a,/3 for cyclohexylideneacetone, and 40 per cent a,[ 3 for cyclohcptyli- 
deneacetone. 21 

There is little or no correlation between the rate of tautoincrization 
(mobility) and the extent of the reaction. Alkylation on the /3-c,arbon 
decreases the mobility, while a-alkylation produces an enormous slowing 
in an already heavily alkylated system but not otherwise except in the 
ketones. It should be noted that certain /3-alkylated substances show 
an exceptionally high mobility in acid but not in alkaline media. This is 
attributed by Linstead to the readily reversible addition of acid anions 
to a carbon atom of the type R2C=. 

Unsaturated acids tautomerize in the absence of added reagents at 
temperatures near their boiling points 12 by what appears to be an 
intramolecular reaction. 8 Special precautions must be taken in order 
to insure that a preparation of an unsaturated compound is homogeneous 

18 Linstead, J. Chem. Soc., 2579 (1927). 

19 Kun and Linstead, ibid., 1269 (1929). 

29 Linstead and May, ibid., 2565 (1927). 

21 Kon, ibid., 1616 (1930) ; Ann. Repls. Chcm. Soc. {London), 27, 138 (1930). 
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and not a mixture of tautomers. During the period of equilibration 
it is necessary to guard against the formation of lactones, ethoxy esters, 
and other products. 

Shoppcc 22 has studied the effect of substituents in the diary] propene 
and diarylmethyleneazomethine series. 

RC 6 H 4 CH=CH— CH 2 Ph ^ RCgH 4 CHz“CH— CHP h 

RC6H 4 CH=N— CII 2 rh RCcII 4 CII 2 -^N =CH Ph 

i ii 

With respect to the mobility of these systems he “has shown that the 
variants R in either the m- or p-position fall into the serial order 
Me 2 N < Me < MeO < I < Br < Cl < NO 2 , which is also the order 
of the dipole moments (Chapter 23) of the compounds R — C 0 H 4 — 
The mobilities of the six halides were similar, 6.8 (m) to 10.7 (p), the 
methoxyls 0.6 (m) to 2.5 (p), the methyl 0.3 (m) to 1.1 (p), and the 
dimethylamino 0.05 (m) to 0.6 (p) for methyleneazomethine series. 
With respect to the proportion of the isomers at equilibrium, Shop pee 
found that the percentage of the I isomer for the latter series was for 
various substituents as follows: NO 2 , 68 per cent; Me 2 N, 63 per cent; 
Me, 60 per cent; MeO, 55 per cent; I, 42 per cent; Br, 36 per cent; Cl, 35 
per cent. 

Equilibria and Rates in Esterification and Alcoholysis. The rela- 
tion of the structure of the alcohol and the acid to the rate and extent 
of esterification has been extensively studied. The comparison of acids 
with respect to their relative rates of reaction with a given alcohol is 
not a simple one, since the rate of the esterification reaction is a function 
of the concentration of the catalyst and the catalyst is the acid or one of 
its dissociation products, the solvated proton. In other words, when 
the rate of esterification of two acids is measured the resultant rate con- 
stant is a function not only of the rate of reaction of the acid but also of 
the activity of the acid as a catalyst for its own esterification. Since the 
rate of esterification, over certain ranges of concentration, is propor- 
tional to the hydrogen-ion concentration, it is possible to calculate the 
rate of reaction to a standard hydrogen-ion concentration. 

The data given in Tables V and VI are from the papers of Menschut- 
kin 23 and indicate the relative rates of reaction of various alcohols and 
acids without added catalyst. The retarding effect of branching of the 
carbon chain shown by trimethyl- and dimethylethylacetic acids is even 
more marked in the 2 , 6 -disubstituted benzoic acids, which do not react 
with alcohols under any known conditions. 

22 Shoppee, J. Chem. Soc., 1117 (1933). 

23 Menschutkin, Ann. chim. phys., [5) 30, 81 (1883). 
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TABLE V 


Amount of temxmnm of Vakioto Alcohol by Acme 

Acid in 1 Hour, at 155° 


Primary 

% 

Secondary 

% 

Tertiary * 

% 

Methyl 

55.6 

Dimethylcurbinol 

26.5 

Trimethylearbinol 

1.4 

Ethyl 

46.9 

Methylcthylcarbinol 

22.6 

Dimethylethylcarbinol 

0.8 

Propyl 

46.9 

Methylhexylcarbinol 

21.2 

Methyldiethylcn rhinal 

1.0 

n-Butyl 

46.8 

Methylisopropylcarbinol 

18.9 

Dimethylpropylcarbinol 

2.1 

71 -Octyl 

46.6 

Diethylcarbinol 

16.9 

Dimethylisopropylcarbinol 

0.9 


* Dehydration alao takes place. 


TABLE VI 

Amount of Esterification of Various Acids by Isobutyl Alcohol 
in 1 Hour at 155° 


Formic 

01.7 

Butyric 

33.3 

a-Methy I butyric 

21.5 

Acetic 

44.4 

Caprylic 

30.9 

Tnincthylacetic 

8.3 

Propionic 

41.2 

Isobutyrie 

29.0 

Dimethylethylacetic 

3 5 


The extent of the reaction was 6.5-70 per cent for the primary alco- 
hols, 50-60 per cent for secondary alcohols, and less than 5 per cent for 
tertiary alcohols. The extent of reaction of an alcohol and an acid in 
a homogeneous system is not modified by the catalyst or, except to a 
slight extent, by the temperature at which the reaction is studied. How- 
ever, the difference between the extent of reaction of ethyl alcohol and 
acetic acid in the liquid phase (67 per cent) and over silica gel is striking. 
Reid gives for the latter the following figures: 150°, 85 per cent; 200°, 
83 per cent; 250°, 78 per cent; 300°, 75 per cent. 

The equilibrium constant for various alkyl groups (R) has been 
calculated for the alcoholysis reaction, 

ROH + AcOMe AcOR + MeOH 

and the relative values found to be similar to those for the esterification 
reaction, 

ROII + AcOlI +=> AcOR + H 2 0 

The values of the equilibrium constant for various alkyl groups in alco- 
holysis are as follows: 2-ethylhexyl, 1.02; methyl, 1.00; fr-amyl, 0.95; 
n-heptyl, 0.77; n-dodecyl, 0.71; 3-phenylpropyl, 0.69; ethyl, 0.66; 
sec. -amyl, 0.64; n-butyl, 0.64; n-propyi, 0.62; sec.-heptyl, 0.5; 2-octyl, 
0.46; isobutyl, 0.44; 2-phenylethyl, 0.42; allyl, 0.38; benzyl, 0.35; iso- 
propyl, 0.30; cyclohexyl, 0.32; and see.-butyl, 0.28. The corresponding 
value for hydrogen (0.19) is less than for any of these alkyl groups. 24 

24 Fehlandt and Adkins, J . Am. Chein. Soc 57, 193 (1935). Hatch and Adkins, ibid., 
59, 1694 (1937). 
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There is a very great difference between primary, secondary, and 
tertiary alcohols and the halogen acids on the one hand and the car- 
boxylic acids on the other. The order of increasing rate of reaction of 
the alcohols with the halogen acids is: primary < secondary < tertiary, 
an order which is the reverse of that observed for acetic acid, for exam- 
ple. This is illustrated by the well-known fact that hydrochloric acid 
does not react at a measurable rate with ivbutyl alcohol at room tem- 
peratures, yet tert -butyl chloride is formed almost instantly and in 
high yield from tert . -butyl alcohol under the same conditions. Acetic 
acid reacts more slowly and to a much less extent with tert - -butyl than 
with n-butyl alcohol. These facts may be rationalized by assuming 
that with acetic acid the hydroxyl group entering into the formation of 
water comes from the acid while with hydrochloric it must come from 
the alcohol. There is reason for believing that the hydrogen of the 
hydroxyl of a primary alcohol is more rapidly replaced than that of a 
tertiary alcohol, while the hydroxyl of a tertiary is more rapidly replaced 
than that of a primary alcohol. 

0 0 

r — — . II II 

BuOjll + l!o|— CCHi BuO — CCH 3 + H 2 0 

Bu |OH + H| Cl BuCl + H 2 0 

Equilibria and Rates in Formation of Acetals. The concentration of 
the aldehyde at equilibrium has been determined in the formation of more 
than a hundred acetals. 25 A selection from the data so obtained with 
respect to acetaldehyde and tetrahydrofurfural Is given in Table VII. 
If the behavior of ethyl, propyl, butyl, pentyl, and heptyl alcohols with 
acetaldehyde, propionaldehyde, butyraldehyde, or heptaldehyde is ac- 
cepted as a standard then the per cent conversion of the straight-chain 
aldehyde with the straight-chain primary alcohols is 80 per cent for 1 
mole of aldehyde to 5 moles of alcohol. Similarly, for 8 acetals formed 
from simple aldehydes and the secondary alcohols propanol-2, butanol-2, 
pentanol-2, and octanol-2, the average per cent conversion at equilib- 
rium was 46 per cent, while two tertiary alcohols gave a conversion of 
about 20 per cent. The effect of various structures upon the extent 
of reaction is shown by the figures in Table VIII which indicate the 
divergence of the per cent conversion actually observed from the values 
which were noted as characteristic of the simpler aldehydes and alcohols. 

The figures in the first column of Table VIII reveal the fact that 
substitution of methyl groups in acetaldehyde results in a greatly low- 

26 For leading references to work of Adkins, E. W. Adams, Hartung, Street, Broderick, 
Minne, and Dunbar, see ihid., 56, 442 (1934). 
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TABLE VII 

Extent op Reaction of Aldehydes and Alcohols 
(5 Moles Alcohol to 1 Mole Aldehyde) 


Alcohol 

Acetaldehyde 

Tetrahydrofurfural 

% - 

Conversion 

K 

% 

Conversion 

K 

3-Phenyl propyl 

96 

13 3 

95 

9.5 

w-Octyl 





n-Dodecyl 



90 


n-Pentyl 

93 

6 5 

89 

3.5 

2-Phenylethyi 

92 

5 4 

89 

3.5 

n-Heptyl 

92 

5.4 

95 

9 5 

?i-Butyl 

88 

3.1 

80 | 

1.4 

Isobutyl 

88 

3.1 

78 1 

1.2 

Methyl 

87 

2.4 

86 

2.3 

•Lthyl 

78 

1.2 

79 

1 3 

2-Iodoethyl 

78 

1.2 



n-Propyl 

76 

1.1 

80 

1.4 

2-Ghloroethyl 

76 

1.1 

76 

1.1 

2-Ethoxyethyl 

74 

0.94 

79 

1.3 

Benzyl 

74 

0.94 

79 

1.3 

Allyl 

73 

0.84 

72 

0.77 

2-Bromoethvl 

71 

0,76 



Cyc lohexylearbinol 

56 

0.26 



Cyclohexanol 

56 

0.26 

88 

3.1 

Pentanol-2 

53 

0.23 

| 


Butanol-2 

46 

0.13 

65 

0.47 

Octanol-2 

46 

0.13 

90 

4.0 

Propanol-2 

39 

0.10 

49 

0.17 

tert.-Butyl 

23 

0.02 

38 

0.07 


TABLE VIII 

Comparisons in Acetal Formation * 


Aldehyde 

Ethanol 

Cyclohexyl- 

carbinol 

Cyclo- 

hexanol 

Propanol-2 

Octanol-2 

Acet- 

- 2 

-24 

+10 

- 3 

0 

Dimethylacet- 

- 9 

-38 


-23 


Trintethylacct- 

-24 

-38 

-30 

-35 

-20 

Cyclopentyl- 

-35 

-39 

-11 

-33 

+ 4 

Benz- 

-41 

-45 

-23 

-32 

+ 3 

Hcxahydrobenz- 

- 2 

+ 7 

+29 

-17 

+28 

Furfur- 

-49 



-29 

-35 

Tetrahydrofurfur- 

-1 


+42 

+ 3 

+44 


* The figures given in the tabic arc obtained by subtracting 80 (primary alcohols) or 4G (secondary 
alcohols) from the percentage conversion to the acetal of 5 moles of alcohol and 1 mole of aldehyde. 
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ered per cent conversion to the acetal in the reaction with ethanol. The 
cyclopentyi radical had a similar effect, while the cyclohexyl group had 
no effect when attached to the aldehyde group. Unsaturation in the 
aldehyde as indicated by the differences between benzaldehyde and 
hexahydrobenzaldehyde, or furfural and tetrahydrofurfural, also greatly 
decreased the conversion to acetal. The same tendency was also noted 
with acrolein ( K = 0.17), crotonaldehyde (0.011), and cinnamaldehyde 
(0.013), the effect being especially marked with the latter two which 
were lower than benzaldehyde (0.16). 

If the behavior of the cyclic alcohols and cyclic aldehydes toward 
each other is noted it is seen that the relationships are quite far from 
being as consistent as in simpler aldehydes and alcohols. For example, 
cyclohexylcarbinol gives a much lower value for acetaldehyde than do 
other primary alcohols, while cyclohexanol gives a higher value than do 
the simpler secondary alcohols. Cyclohexanol and octanol-2 also give 
abnormally high values with the cyclic aldehydes. 

The studies on the relation of the structure of the aldehyde and 
alcohol to the rate of the acetal reaction are much less comprehensive 
than those with respect to the extent of the reaction described above. 
The matter may be covered in a qualitative way by the statement that 
the unsaturated aldehydes, benzaldehyde, furfural, cinnamic aldehyde, 
and crotonic aldehyde react man/ times more rapidly than such satu- 
rated aldehydes as acetaldehyde, tetrahydrofurfural, and especially 
hexahydrobenzaldehyde. 

The effect of structure upon the formation of acetals from ketones 
has also been studied on the basis of the reversible reaction, 

RsCO + HC(OEt) 3 <=± R 2 C(OEt) 2 + HC0 2 Et 


The effect of branching of the carbon chain and of phenyl groups upon 
decreasing the tendency to form acetals is evident from the data in 


Table IX. 26 


TABLE IX 


Extent or Acetal Formation in Reaction of 0.1 Mole of 
Ohthoformic Ester with 0.1 Mole of Various Ketones 
in a Solution Made up to 50 ml. with Ethyl Alcohol 


% % 


Ketone 

Acetal 

Ketone 

Acetal 

Dimethyl 

95 

Methyl terf. -butyl 

50 

Methyl ethyl 

90 

Ethyl ferf.-butyl 

36 

Methyl 0-phenyl ethyl 

89 

Diphenyl 

34 

Methyl phenyl 

86 

ferf.-Butyl isopropyl 

36 

Methyl neopentyl 

84 

Di-Zerf.-butyl 

17 

Di-isopropyl 

65 




26 Pfeiffer and Adkins, ibid., 53, 1043 (1931). 
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Equilibria and Rates in the Formation of Semicarbazones. The 

formation of semicarbazones has been quantitatively studied by Conant 
and Bartlett. 27 The exposition of this study made by Conant is so sig- 
nificant that it is quoted below. 2 

“This is a case where an equilibrium controls the rate but, in addi- 
tion, acid catalysis is involved. The results illustrate the great impor- 
tance to organic chemistry of the general theory of acid and basic 
catalysis developed by Bronsted and Lowry in the last few years. The 
general reaction may be illustrated by the reaction of acetone: 

(CH 3 ) 2 CO + NH 2 NHCONH 2 (Cli 3 ) 2 C==NNHCONH 2 + H 2 0 

The reaction is reversible, and this fact must be taken into account, of 
course, in formulating the kinetic equations where the back reaction 
is appreciable. 

“A study of the reaction rate in a variety of buffer solutions has 
shown that two opposing factors are at work. On the one hand, an 
increase in acidity of the solution beyond about pH = 4.9 decreases 
the amount of free scmicarbazide by salt formation (the pK of 
NH 3 ‘NHCONH 2 is 3.66 at 25° C.) and thus diminishes the rate, since 
the reaction is between the free base and the carbonyl compound. On 
the other hand, this very reaction between the free base and the carbonyl 
compound is subject to acid catalysis, and its rate increases with the 
concentration of the acid: 

R 2 C=0 + NH 2 NHCONH 2 + HAc (catalyzing acid) 

(partially removed as NH.'NHCONH. by increase in H *) 

RjC==NNHCONH 2 + H 2 0 + HAc 

In an ordinary set of buffer solutions covering a narrow range, increase 
of acidity is effected by increasing the concentration of free acid. There- 
fore, rate measurements in such buffers show a pronounced maximum.” 
The data “might easily lead to the erroneous conclusion that the rate 
was controlled solely by the pH value of the buffer. Measurements 
made at constant pH but varying concentration of buffering materials, 
however, show that the rate is proportional to the concentration of 
catalyzing acid. The apparent regularity [of the relationship of rate of 
reaction and pH] is thus the result of an accidental conformity between 
pH and acid concentration— a consequence of the usual way of making 
a series of buffers.” This point is further illustrated by the fact that 
the relationship of pH to rate of reaction is different with phosphate 
from that with acetate as a buffer. 

27 Conant and Bartlett, ibid., 54, 2881 (1932). 
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“In general, in cases of acid catalysis, the specific catalytic effect 
of the acid is greater, the stronger the acid. For this reason the most 
effective catalyst for semicarbazone formation would be an acid only 
slightly weaker than the scmicarbazide ion, NH^NHCONH 2 . Such 
an acid is acetic (about 1 pK unit weaker) ; a large concentration of this 
acid can be introduced into the solution, and, by an appropriate in- 
crease in sodium acetate concentration, the pH value can be kept 
sufficiently high so that only a small portion of the semicarbazide is 
combined with the acid. To some extent these optimum conditions 
are approached when potassium acetate and scmicarbazide hydro- 
chloride are employed in the preparation of semicarba zones. It would 
probably be advantageous, however, to increase the concentration of 
the catalyst (acetic acid), at the same time keeping the pH high by the 
addition of acetate ion. 

“It is evident that, in comparing the equilibria and the rates of 
semicarbazone formation with a variety of carbonyl compounds, the 
experiment should be performed in such a manner that a definite amount 
of catalyst is present in each case and that practically all the scmi- 
carbazide and condensation product should be present as the free base. 
A phosphate buffer of pH about 7 and a concentration of catalyst 
(H 2 P 04 _ ) of about 0.06 M meet these specifications. The results 
obtained under such conditions are summarized in Table X. 

TABLE X 

Comparison of Equilibria and Rates of Semicarbazone formation of 
Ketones and Aldehydes 

(At 25° ± 0.01°C. in 0.07 M Na 2 HP0 4 + 0 03 M NaH 2 P0 4 ) 



K X 10 5 

Velocity Constants of 


Hydrolysis Constant 

Semicarbazone 


of Semicarbazone 

Formation 

fc 2 

Hydrolysis 
ki X 10 6 

Acetaldehyde 

2.9 

361 

1040 

Benzaldehyde 

0.30 

2.05 

0.62 

Furfural 

0.76 

0.73 

0.55 

Trimethylacetaldehydc 1 85 

20 

37 

Pyruvic acid 

0.51 

7.37 

3.8 

Acetone 

324 

6.02 

1800 

Cyclohexanone 

214 

36 

7600 

Pinacolone 

1260 

0.068 

66 


“A consideration of Table X brings out a number of points of inter- 
est. In the first place, it is clear that there is no apparent relation 
between the speed of formation of the semicarbazone and its stability 
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as measured by the hydrolysis constant, K. Considering first the rela- 
tion between structure and rate of semicarbazone formation, acetalde- 
hyde is found at the top of the list, with its trimethyl substitution prod- 
uct about a tenth as reactive, but some ten times more reactive than 
benzaldehyde or furfural. The latter is the least reactive of all the alde- 
hydes and differs from acetaldehyde by nearly a thousandfold. Of the 
ketones, cyclohexanone is the most reactive (as would have been ex- 
pected from previous work), and acetone and pyruvic acid are essen- 
tially equal and about a sixth as rapid in semicarbazone formation as 
the cyclic ketone. The large drop in reactivity caused by substitution 
of three methyl groups (0.068 for pinacolone compared with 6.0 for 
acetone) is in accord with a large variety of qualitative and quantitative 
facts of organic chemistry. A comparison of benzaldehyde, furfural, 
acetone, and triinethylacetaldehyde gives very little support to the 
idea that the rate of carbonyl reaction is determined solely by so-called 
steric effects. It would seem that the facts are much too complicated 
to be explained solely by such a simple hypothesis. However, if atten- 
tion is confined to a particular limited class of compounds, such as the 
aldehydes, the concept of steric hindrance affords a plausible explana- 
tion of relation between rates and structure. The comparison of acetone, 
pinacolone, and acetaldehyde and its trimethyl derivative illustrates 
this. 

“Turning now to the equilibrium constants, we find all the ketones 
(except pyruvic acid) falling into one class and the aldehydes into 
another. Within the ketone class the variation in the hydrolysis con- 
stant is only threefold, the most highly substituted ketone being the 
most completely hydrolyzed. The variation among the aldehydes is 
tenfold, but the difference between the least-hydrolyzed ketone semi- 
carbazone (always excepting pyruvic acid) and the most-hydrolyzed 
aldehyde semicarbazone is a hundredfold. It would appear that the 
carbonyl compounds, as far as the energy relationships are concerned, 
show a rather simple relationship between structure and semicarbazone 
formation, the equilibrium constants being determined by the same sort 
of factors which determine the dissociation constants of acids. For 
convenience, these factors may be termed the ‘polarity’ or ‘negativity’ 
of the attached groups. Thus we may say that the more negative the 
atoms or groups X, Y in the compound, XCOY, the less hydrolyzed is 
the semicarbazone. The contrast between aldehydes and ketones corre- 
sponds to the difference in strength of formic and the other aliphatic 
acids. The fact that pyruvic acid semicarbazone is even less hydrolyzed 
than that of acetaldehyde is in accord with the greater strength of oxalic 
acid (pi£ = 2.8) as compared with formic acid (pK = 3.7). 
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“Some of the conclusions summarized in Table X can be demon- 
strated by qualitative experiments which also serve to emphasize the 
difference between rates and equilibria in controlling organic reactions. 
The most striking of these experiments involves a comparison of cyclo- 
hexanone and furfural. The differences in rates of semi carba zone for- 
mation are in favor of the former by a factor of about fifty; the hydroly- 
sis of the aldehyde semicarbazone is only one three-hundredth of that 
of the ketone, however. As a result, if one mole of semicarbazide and 
one mole each of cyclohexanone and furfural are allowed to react, prac- 
tically the entire final product is furfural semicarbazone. Because of 
the differences in the rates of reaction, however, the initial product in 
such an experiment is almost wholly cylcohexanone semicarbazone. 
The effect of these differences in rate and equilibrium constants can be 
shown very simply by allowing semicarbazide to react with a mixture 
of cyclohexanone and furfural in alcoholic solution and isolating the 
semicarbazone after a few seconds and after a few hours. (Because of 
the solubility of cyclohexanone semicarbazone in water, it is necessary 
to precipitate the product by pouring a sample of the mixture into a 
saturated ammonium sulfate solution in which the cyclohexanone semi- 
carbazone is almost insoluble.) In such an experiment, starting with 
0.01 mole each of semicarbazide hydrochloride, furfural, and cyclo- 
hexanone, and 0.05 mole of potassium acetate in 50 per cent alcohol, a 
sample precipitated after 20 seconds yielded cyclohexanone semicarba- 
zone, while after 2.5 hours a similar precipitate was found to be pure 
furfural semicarbazone. 

“It is worth noting that, if one had attempted to draw conclusions 
about the relative reactivity of the two carbonyl compounds from one 
of the above experiments alone, the conclusions would have been dia- 
metrically opposite, depending on whether the product was isolated 
after a few seconds or after a few hours. This is an illustration of the 
difficulties of attempting to deduee generalizations in regard to the 
behavior of organic compounds from qualitative experiments when the 
nature of the reaction is not fully understood. There seems no escape 
from the conclusion that significant comparisons of quantitative meas- 
urements can be made only on the basis of a thorough knowledge of a 
reaction. This requires first a detailed study of the yields of all the 
products and later a physicochemical study of the factors which control 
the equilibrium and the rate. The amount of work involved in such 
studies and the complications already unearthed are welcome guarantees 
that there will be many problems to solve for a long time to come. We 
may rest confident, moreover, that the fascinating art of organic chemis- 
try will yield only slowly to the devastating inroads of an exact science. 
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Rates of Reaction of Alkyl Chlorides and Metallic Iodides. Conant, 
Kirner, and Hussey 28 made a study of the relation of structure to the 
rate of reaction of some fifty halogen compounds with potassium iodide. 

RC1 + KI RI + KC1 

The rates of the reaction in acetone were measured at various tem- 
peratures from —10° to 60°. They showed that there was no appre- 
ciable amount of a “side reaction” and that the relative rates of differ- 
ent alkyl halides were approximately independent of the temperature 
at which the comparison was made. This latter observation made it 
feasible to calculate the relative rates of reaction to a standard tempera- 
ture (50°) even though the experimental results were obtained at the 
various temperatures at which the reactions proceeded at a measurable 
rate. The reaction was not reversible. The relative rates were inde- 
pendent of the concentration of the reactants, and independent of 
whether the metallic iodide was sodium, lithium, or potassium. 

The reaction rate constant was calculated upon the basis of the usual 
bimolecular equation, but a better comparison of the rates of reaction 
is given as the result of a calculation in which the rate of reaction of 
n-butyl chloride is unity. Such a comparison is given in Table XI. 
It may be of interest to note that at 50° butyl chloride had reacted to 
the extent of 50 per cent after 36 hours, whereas only 15 hours was 
required at 60°. w-Chloroacetophenone at 0° had reacted to the extent 
of 55 per cent after less than 1 minute. Allyl chloride at 25° had re- 
acted to the extent of 54 per cent after 6.3 hours. 

Many interesting and important comparisons and conclusions may 
be made upon the basis of the data given in the table, but it must 
suffice to point out only a few of these: The normal alkyl halides are 
very similar in their behavior towards potassium iodide. The secondary 
and tertiary alkyl halides are similar to each other but very much Jess 
reactive than the primary chlorides. Cyelohexyl chloride is almost as 
unreactive in this reaction as the aryl halides. 

The structure C=C— C— Cl as found in allyl or benzyl chloride 
results in enhanced reactivity of the halogen. The phenyl, carbonyl, 
carbethoxy, cyano, amido, methoxy,' nitrophenyl, bromophenyl, and 
chlorophenyl groups showed a marked labilizing effect when attached 
to the carbon holding the chlorine. 

Some of the more general conclusions are quoted from the original 
papers. “For purposes of expressing numerically the factors govern- 
ing the behavior of organic substances as we deal with them in the labora- 

» Conant, Kirncr, and Hussey, ibid., «. 232 (1924) ; 47, 470, 488 (1925). 
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TABLE XI 

Relative Reactivities ok Chlorides with Potassium Iodide 



Relative 


Relative 

Compound 

Reactivity 

Compound 

Reactivity 

71 -C 4 H 9 CI 

1.00 

C 6 H 5 C0CII 2 C1 

105,000 

CoH 5 C1 

1.94 

CH3COCH2CI 

35,700 

W-C3H7C1 

1.03 

NCCII2CI 

3,070 

h- C fiHuCl 

1.26 

C2H5O2CCH2CI 

1,720 

n-CeHisCl 

1.22 

C 11 3 0 CH 2 C 1 

918 

N-C7H15CI 

1.20 

CellaCOCl 

700 

7 i- CgHnCl 

1.32 

CII 3 CO 2 OII 2 CI 

270 

n-Ci 2 H 25 Cl 

1.00 

C 6 H 5 C 0 (CH 2 ) 3 C 1 

230 

n-C,eH 33 Cl 

0.90 

H2NCOCII2C1 

99 

W-C30H61CI 

0.88 

CII 2 =CI 1 CH 2 C 1 

79 

zso-C&lluCl 

0.65 

C2II502CCI 

26 

(CIIs) 2 CIIC1 

0.015 

CcIIsCIIaCl 

195 

C2II5CHCICH3 

0.022 

(C 6 H 5 ) 3 CC 1 

38,000 

N-C3II7CIICICH3 

0.048 

(C 2 lU 0 2 C) 2 CHCl 

60,200 

W-C4H9CHCICII3 

0.075 

o-X0 2 C«ir 4 ClI 2 Cl 

1,800 

1 3CHCICII3 

0.026 

m-N 02 C 6 H 4 CH 2 Cl 

780 

(CH*)sCCl 

0.018 

P-NO 2 C 6 H 4 CH 2 CI 

1,370 

ff/elo-CcTluCI 

0 0001 

2 . 4 -(N 0 2 ) 2 C 6 H 3 CII 2 Cl 

50,800 

CeHsCCUzHCl 

0.91 

o-C1C 6 HiCH 2 C1 

718 

Cdh(ClhhC\ 

1.35 

p-ClCelbCHsCl 

553 

C 6 H 6 (CH 2 ) 6 C 1 

1.07 

o-BrC 6 T[ 4 CH 2 Cl 

77,300 



p-BrC 6 U 4 CH 2 Cl 

48,100 

y, differences in 

reactivity of 25 or 

even 50 per cent are 

of relatively 


little importance. Variations of threefold, a hundredfold and a million- 
fold are the cause of the vagaries which make our present, structural 
formulas so often unreliable in predicting reactions. From this point of 
view the results of all the previous studies of primary halides and the 
data here presented may be said to be in general agreement. In a great 
variety of reactions a methyl halide is 5 to 20 times more reactive than 
the ethyl compound which in turn is only about twice as reactive as the 
other primary straight-chain compounds that do not differ materially 
from one another, at least as high in the scries as C 3 oH 61 C1. The forking 
of the chain diminishes the reactivity of primary compounds, which 
diminution in the case of amyl is about 100 per cent (our results are in 
agreement with those of two other investigators on this point). 

“The discrepancies in regard to the comparison of primary and 
secondary halides are serious; they may be real differences, specific for 
each of the reagents employed, or they may be due to the fact that in 
certain instances some unsuspected reaction may be taking place with 
the secondary compounds which is absent from the primary series. 
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For example, any comparison of the action of alcoholatcs on primary and 
tertiary halides is meaningless because in the one case ethers are formed 
and in the second olefins. We have chosen the reaction with an inor- 
ganic iodide in absolute acetone because of the impossibility of many 
side reactions which may complicate the results with other reagents 
used in aqueous or alcoholic solution and because the reaction has been 
widely used for preparative purposes and is known to give excellent 
yields. We are, therefore, inclined to believe that our results showing 
that secondary and tertiary halides are only 0.05 to 0.01 as reactive as 
primary compounds represent a correct formulation of the behavior of 
these substances, at least in simple metathetical road ions. There is 
already some evidence that seems to indicate that, the rate of hydrolysis 
(and perhaps alcoholysis) in neutral solution does not parallel the rate 
of our metathetical reaction. Thus, in the previous paper w-ehloro- 
acetophenone was found to be by far the most reactive substance, and 
yet it can be recrystallized without appreciable loss from mixtures of 
water and alcohol; a similar drastic treatment of benzoyl chloride or 
ethyl chlorocarbonate would insure very considerable hydrolysis and 
yet their relative reactivity on our scale is about one one-hundredth 
that of chloroacet.ophenonc. Possibly some similar direct action between 
the secondary halides and the alcohol used as a solvent may be the 
cause of the relatively high reactivity found by some workers for these 
compounds.” 

Rates of Reaction of Diphenylchloromethanes and Acyl Chlorides 
with Alcohols. Norris, Banta, and Blake 29 investigated the rates of 
reaction of various substituted diphenylchloromethanes with ethyl and 
isopropyl alcohols. The variations in reactivity with the substituent 
are evident from the summary of the results given in Table XII. 

TABLE XII 

Relative Velocity Constants of the Reactions between Ethyl Alcohol and 
Certain Derivatives of Diphenylchloromethane 


Temperature 25.0°. Concentration of chloride approximately 0.1 formal by 
weight. 



Relative 


Relative 


Relative 

Substituent 

Values of 

Substituent 

Values of 

Substituent 

Values of 


Constanta 


Constants 


Constants 

No substituent 

1 

p-Methyl 

16.2 

o-Methoxy 

93.0 

o-Chloro 

0.01 

p,p'-Dichloro 

0.15 

p-Methoxy 

1200 (?) 

m-Chloro 

0.045 

p^'-Dimethyl 

413.0 

p-Phenoxy 

31.6 

p-Chloro 

0.42 

p-Kthyl 

20.9 

a-Naphthyl 

7.2 

o-Methyl 

2.9 

p-Bromo 

0.33 

Bcnzylphenyl- 


m-Methyl 

2.1 

p-Phenyl 

12.8 

chloromethane 

0.0004 


29 Norris, Banta, and Blake, ibid., 50, 1804, 1809 (1928). 
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The relation between the structure of the alcohol and its rate of 
reaction with p-nitrobenzoyl chloride has been studied by Norris, Ash- 
down, and Cortese. 30 They also observed the effect of substituents in 
the benzoyl chloride upon the rate of reaction with isopropyl alcohol. 
A summary of their data is given in Tables XIII and XIV. 

TABLE XIII 

Second-Order Velocity Constants for the Reactions between 
Alcohols and p-N ituo benzoyl Chloride in Ether 

Temperature, 25°. Concentration of each reactant 1 mole in 1000 g. of ether 
taken as unity. 


Normal Primary 




Alcohols 

k 

Secondary Alcohols 

k 

Methanol 

0.184 

Propanol-2 

0.0100 

Ethanol 

0.085 

Butanol-2 

0.0074 

Propanol-1 

0.066 

Pentanol-2 

0.0059 

Butanol-1 

0.074 

Hexanol-2 

0.0065 

Pen tan o 1-1 

0.079 

Pentanol-3 

0.0036 

Hcxanol-1 

0.085 

IIeptanol-4 

0.0027 

Heptanol-1 

0.069 

Tertiary Alcohols 


Primary Alcohols with 


Methyl-2-propanol-2 

0.0027 

a Branched Chain 


Methyl-2-butanol-2 

0.0025 

Meth yl-2-p ro panol - 1 

0.031 

Methyl-3-pentanol-3 

0.0014 

M ethy 1-2-buta nol- 1 

0 036 



MethyI-2-pentanol-l 

0.034 

Aromatic Alcohols 


Methyl-3-butanol-l 

0.073 

Benzyl 

0.0170 

Methyl-3-pentanol-l 

0.077 

/8-Phenylethyl 

0.0400 

Methyl-3-hexanol-l 

0.075 

7 -Phenylpropyl 

0.0200 

Methyl-4-pentanol-l 

0.068 

a-Phenylethyl 

0.0005 



a-Phenylpropyl 

0.0005 



a-Phenyl butyl 

0.0005 


The substitution of methyl, ethyl, phenyl, a-naphthyl, methoxy, and 
phenoxy groups, especially in the para-position, enhances the reactivity 
of the halogen in diphenylchloromethanes. The substitution of hal- 
ogens especially in the orf/w-position reduces the reactivity of the 
chlorine. However, in benzoyl chlorides the halogens and especially 
the nitro group enhance the reactivity of the chlorine, while a methyl 
group lowers the reactivity. 

The primary alcohols except methyl alcohol and those with a 
branched chain at the 2-carbon atom show a similar reactivity with 
p-nitrobenzoyl chloride. Methyl alcohol is more reactive than the 

50 Norris, Ashdown, and Cortese, ibid., 47, 837 (1925) ; 49, 2640 (1927). 
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TABLE XIV 

First-Order Velocity Constants of the Reactions of Certain Acyl 
Chlorides with Isopropyl Alcohol 

Temperature, 25.0°. Concentration approximately 0.1 formal per 1000 g. 

Ratio of Constant to 

Acyl Chloride k that of Benzoyl Chloride 


Benzoyl 

0.00365 

1 . 

p-Chlorobenzoyl 

0.00559 

1.53 

p-Bromob enzoyl 

0.00650 

1.78 

p-Iodobenzoyl 

0.00528 

1.26 

o-Nit.robenzoyl 

0.00694 

1.90 

p-N itrobciLzoyl 

0.03600 

10.0 

p-Methylbenzoyl 

0.00235 

0.64 


average primary alcohol; alcohols with carbon substituents, especially 
a phenyl group on the 1 - or 2-carbon, are very much less reactive. The 
secondary and tertiary alcohols show a much lower rate of reaction 
than any of the primary alcohols except those having an a-phonyl 
group. 

In later papers Norris and his associates 31 have extended their 
investigations to include the rates of reaction of various substituted 
benzoyl halides at various temperatures and in a variety of solvents. 
The relative reactivity of the reactants was found to vary with all these 
variables. Three of their more general conclusions were as follows: 
It is shown that the effect of CH 3 , CH 3 0, Cl, Br, I, and NO 2 in the 
ortho-, meta and para-positions in the benzoyl chlorides is opposite 
from the effect of the same substituents in the benzyl chlorides. The 
temperature coefficients of the reactions bear no relationship to the 
rates but can be correlated with the nature of the substituent and its 
position. The rates in solvents containing oxygen are less than in the 
hydrocarbons or their halogen derivatives. In this respect an acyl 
chloride differs from an alkyl chloride. 

Rates of Reaction of Alkyl Bromides and Piperidine. McElvain 
and Semb 32 have compared the rates of reaction of fourteen alkyl 
bromides with piperidine. Under the conditions of their measurements 
there was no appreciable amount of side reactions with the primary and 
a negligible amount with the secondary alkyl bromides. The rates of 
reaction of the tertiary bromides in alkylation cannot be compared 
with the primary and secondary bromides because the main reaction of 
the former was the loss of hydrogen bromide. The rates of the reaction 

31 Norris, Young, Fasce, Staud, and Haines, ibid., 57, 1415- 1427 (1985). 

32 McElvain and Semb, ibid., 53, 690 (1931). 
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in petroleum ether were determined from the amounts of piperidine 
hydrobromide which had precipitated from the reaction mixture after 
a given time interval, e.g, 

C 2 H 5 Br + 2C5H10NH -> CWioNCsHs+CsHjoNH HBr 

Among the straight-chain primary alkyl bromides only ethyl showed 
a marked divergence from the average of the six bromides of this type 
investigated. Branching of the chain (isobutyl and isoamyl) greatly 
lowered the rate of reaction. The phenyl group when attached to the 
carbon atom holding the halogen (benzyl) enormously increased reac- 
tivity. The effectiveness of the phenyl group wns also manifest in phen- 
ylpropvl and to a less extent in phenylethyl. The secondary bromides, 
especially cyclohexyl, were very much less reactive than the other com- 
pounds investigated. 

TABLE XV 

Rate of the Reaction between Piperidine and Various Alkyl Bromides at 90° 


% Reaction in Hours 


Alkyl Group 

4 

8 

12 

24 

48 

Ethyl 

72.2 

80.4 

84.3 

93.7 

98.4 

n-Propvl 

45.6 

59.5 i 

66.6 

79.3 

89.5 

Isopropyl 




17.3 

28.1 

7f-Butvl 

46.1 

59 3 

66 . 5 

78.0 

88.4 

Isubutvl 

10.0 

16 0 


29.4 

40.8 

sec.-Butvl 




6.7 

12.0 

Ji-Amyl 

'48.1 

63.6 

69.8 

80.7 

90.5 

Isoamyl 

31.1 

44.8 

52.8 

65.5 

77.4 

ri-IIexvl 

! 49.6 

63.7 

70.7 

80.7 

88.9 

n-IIeptvl 

53.2 

67.5 

74.5 

82.2 

90.0 

Cvolohexyl 




1.1 

2.4 

Benzyl 

100.5* 





Phenylethyl 

59.6 

69.5 

77.4 

90.6 

95.0 

Phenyl propyl 

74.0 

1 

83 9 

86.4 

93.2 

95.8 


* 97.9 per cent in 2 hours. 


Rates of Formation of Thiourethanes. Browne and Dyson 33 have 
carried out a very comprehensive series of experiments upon the rate of 
reaction of arylthiocarbimides with ethyl alcohol. They found that 
this reaction proceeded at a measurable rate with a wide variety of 

RN=C— S + C 2 H & OH -> RN=C(SH)OC 2 H 6 or RNHC(=S)OC2 Hb 

aj Browne and Dyson, J. Chet n. Sue., 32S5 (1931). 
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thiocarbimides. The reaction was irreversible and comparatively free 
of side reactions, and it proceeded in the liquid phase without the sepa- 
ration of a solid. The reaction was carried out by refluxing the thio- 
carbimide in a 100 to 150 molecular excess of ethanol. The rate of 
reaction was not sensitive to hydrogen-ion concentration. The reaction 
could be followed by an accurate analytical method which involved 
weighing the thiocarbamides formed by the reaction of benzidine with 
residual arylthiocarbimide. The values of the rate constant calculated 
for a monomolecular reaction are summarized in Table XVI. 


TABLE XVI 


Thiocarbimide 

k X 10 4 

Thiocarbimide k X 10 4 

Phcn vl 

0.52 

3-Chloro-4-mcthylphenyI 

2.08 

2-Tolyl 

0.14 

3-Chlon)-2-md hy 1| ihci ly 1 

0.68 

3-Tolyl 

0.39 

3-Chkaio-l ,6-dimet hylpheuyl 

0.41 

4-Tolyl 

0.30 

3-Ch loro-2, 4,0- trimethylphciiyl 

0.00 

2,3-DimelhylphenyI 

0.11 

4-Chloro-2-nielhylpheiiyl 

0.44 

2,4-Dim ethylphen y 1 

0.09 

4-Chloro-3-rnethylpl;envl 

1.41 

2,5-Dimethylphenyl 

0.09 

2-Chloro-5-methvlphenyl 

0.95 

2, 6-Dimcthylph cnyl 

0.00 

2-Chlom-3-melhyl phenyl 

0 95 

3, 5-D imeth ylj jhenyl 

0.22 

2-Chloro-4-methylphenyI 

0.78 

2,4, 6-Trimethyl phenyl 

0.00 

2-Chloro-O-mcthyl phen y 1 

0.28 

3,4, 6-Trimeth y 1 phcn y 1 

0.00 

2- Bromo-4 -mot h y I phcn yl 

0.00 

4-Ethy]phenyl 

0.26 

2-CIilora-3,4,6-trimetliy]|)henyl 

0.00 

4 -T sopropy Iphen y I 

0.00 

2-Methoxyphonyl 

0,10 

C-Methyl-3-isopropylphen yl 

0.00 

3-M.ethoxvphenyl 

0.58 

2-Chlorophenyl 

1.24 

4-MeUioxyplifinyl 

0.46 

2-Bromopheiiyl 

1.40 

2-Ethoxyphen yl 

0.07 

2-Iodophenyl 

0.00 

3-Ethoxvpheiiyl 

0.75 

3-Chlorophenyl 

2.99 

4-Ethoxyphenyl 

0.27 

3-Fluorophenyl 

2 88 

2 , 5-Dimethox yphenvl 

0.22 

3-Bromophenyl 

3.09 

2,6-Dimethoxyphcnyl 

0.00 

3-Todophenyl 

3.31 

3,4-Dimethoxyphcn y 1 

0.58 

4-FluorophenyI 

1.41 

3, 5-Dimethoxyphenyl 

0.86 

4-Chiorophenyl 

2.17 

3-Chloro-4-methoxyphenyl 

2.14 

4-Iodophcnyl 

2.74 

4-Chloro-3-methoxyphonyl 

2.91 

2, 4-Di cl llo ro phenyl 

4.10 

5-Chloro-2-m ethoxy phenyl 

0.47 

2,5-DichIorophenyl 

4 62 

5-C1 iloro-3-methoxypheny 1 

4.57 

3,5-Dichlorophenyl 

17.90 

4- Acetyl phenyl 

6.84 

3-Chloro-5-methyl phenyl 

3.04 

4-Biphenyl 

0.90 

3-Chl o m-6-methy Ipheny 1 

0.92 

3-Cyanophenyl 

11.10 


4-Cyanophenyl 

4.81 


“The results demonstrate that the nuclear substituents have a pro- 
found effect on the reactivity of the isothiocyano-group in arylthiocarbi- 
midcs. Whereas halogen atoms and nitro-groups (and the methoxy- 
and the ethoxy-group in the m-position) accelerate tne rate of reaction 
with ethyl alcohol, alkyl or o- and p-alkoxyl groups retard the addition. 
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Any explanation of these facts must also account for the following 
phenomena : 

“(1) The effect of more than one substituent is approximately the 
sum of the effects of the substituents acting alone, as e.g., in the chloro- 
tolyl-, the chloroalkoxy-, and the dichlorophenylthiocarbimides. 

“(2) The w-substituted compound is always more reactive than the 
corresponding o- or p-substituted compound. This result is independent 
of whether the compound reacts more readily than phenyllhiocarbimide 
or otherwise. In this connection, the results obtained with the methoxy- 
and ethoxy-substituted phenylthiocarbimides are of interest, since they 
show that the superior reactivity of mefo-substituted derivatives is 
retained even when the reactivity of unsubstituted phenylthiocarbimide 
lies between that of the m- and the p-substituted compound. 

“(3) The reactivity varies with the nature of the substituent group, 
the nitro-group being most active in acceleration, and the isopropyl 
group most active in inhibition. 

“(4) The anomalous behavior of the o?i Ao-substituted compounds, 
which in some cases exhibit the usual phenomena of steric hindrance 
and in others do not.” 

Reliability of the Equilibrium and Rate Constants. It will be evi- 
dent from earlier sections of this chapter that different authors prefer 
to express their results in different ways. It will be well to consider the 
merits and limitations of these different modes of expression. The 
simplest way of expressing the relation of structure to concentration at 
equilibrium is by giving the per cent conversion at equilibrium of one 
of the reactants. Such figures are directly related to the analytically 
determined concentrations, and the reader is in a position to determine 
whether or not a reported difference between two sets of reactants is of 
significant magnitude. For example, acetaldehyde under specified con- 
ditions is converted to an acetal with n-butanol to the extent of 96 per 
cent, and 99 per cent with isoamyl alcohol. If these results are expressed 
as equilibrium constants the value for the former is 3 and for the latter 
13. Thus the difference (if any) between these alcohols is magnified. 
Relatively few people are able to distinguish significant differences in 
experimental results after these results have gone through a few mathe- 
matical transformations. 

However, there are a number of reasons why it is advisable to calcu- 
late equilibrium constants. Among others it is seldom possible to 
make all comparisons at the same concentration of reactants so that it 
is necessary to calculate the equilibrium constant in order to put the 
results in comparable form. Further, the comparison of the equilibrium 
constants for the same reactants at different concentrations is one of 
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the best moans of ascertaining whether the reaction involved is truly 
reversible. Two methods are used in the calculation of equilibrium 
constants. In the method commonly used the concentrations of reac- 
tants at equilibrium are expressed in moles per liter. This method is 
satisfactory if the reaction is measured in a fairly dilute solution or if 
there is relatively little difference between the molecular volumes of the 
substances whose reactivities are being compared. The second method 
in which the concentrations are expressed in mole fractions should be 
used where a series of alcohols, for example, arc being compared in the 
absence of an added solvent, as otherwise large differences in the value 
of K will appear where there are no real differences in chemical reac- 
tivity. For example, two acetals having similar per cent conversion at 
equilibrium had equilibrium constants differing from each other by 50 
per cent when the concentrations were expressed in moles per liter. In 
fact, the alcohol with the higher conversion had the lower value for K. 

From the standpoint of theoretical chemistry, differences in structure 
as manifested by differences in the extent of reaction should be expressed 
by differences in the decrease of free energy (AF) for the reactions. 
The value of A F may be calculated from the equilibrium constant or 
from measurements of the electromotive force as by Conant and Fieser. 
However, if A F is calculated from an equilibrium constant, which is not 
referred to the gaseous state, then small differences cannot be considered 
to be significant. A quotation from Conant 2 is pertinent to this point. 
“If one should accept the cases of the quinones and the enols as typical, 
one might be inclined to give up all attempts to measure and correlate 
a series of equilibrium measurements of organic reactions. The experi- 
ments with the gas phase are time-consuming and only possible in 
favorable cases; the results obtained may be regarded as an abstraction 
without value in formulating the organic chemistry as we know it, 
which, after all, is the chemistry of liquid mixtures and solutions. I do 
not think such pessimism would be justified, however, although I do 
believe the results I have just considered raise serious doubts about the 
significance of empirical relations between structure and slight differ- 
ences in free energy. If this is the case, an attempt to correlate free 
energy changes and molecular structure should be concerned with differ- 
ences considerably greater than 1 keal., unless the gas phase is taken 
as the reference state or unless there is a very good reason to believe 
that the disturbing intermolecular forces are weak or cancel in the 
measurements,” 

The reihtive rates at which compounds react may be most simply 
stated by plotting the per cent formation of a product against time, or 
by stating the amount formed after selected intervals of time. If the 
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reaction is (or appears to be) a mono- or birnolecular irreversible reaction, 
the rate constant may be readily calculated. A graphical method is 
more convenient if the reaction appears to be more complicated. For 
this purpose the data are plotted and tangents drawn at suitable points 
on the curve, and from the values of the tangents the rate constant may 
then be calculated. Rate constants offer a very convenient and concise 
way of expressing relative chemical reactivity. The probable signifi- 
cance of small differences in rate constants has been considered above in 
the review of the papers by Conant and Ktrncr. It must always be 
borne in mind that apparent differences between the rates of reactions 
of two compounds may be due to the presence of small amounts of an 
impurity. This possible presence of impurities having a catalytic or 
inhibitory effect is remindful of an historian’s statement which is expres- 
sive of most human activity: “Perhaps no man can ever free himself 
entirely from prejudice; still it is interesting to try.” 

Unfortunately, rate “constants,” however calculated, are all too 
often not “constants” but show a “trend,” i.e., decrease or increase 
as the reaction proceeds. This may proceed from a variety of causes. 
The reaction inay bo accelerated or retarded by a product of the reaction, 
or a catalyst may be activated or deactivated by such a product. A 
catalyst may deteriorate. The analytically determined concentrations 
may not be the effective concentrations, etc. Many investigators have 
considered only a limited range of the reaction in reporting rate con- 
stants, c.g., they have based their comparisons upon the rate of trans- 
formation of the first 10 or 20 per cent of the reactants or upon some 
other portion of the reaction rate curve. Authors are particularly 
likely to disregard the latter part of the curve since “side reactions” 
and the influence of the accumulated reaction products are particularly 
malignant as the reaction slows dowm. 

Severity of Conditions and Comparisons of Chemical Reactivity. 
The methods for the comparison of chemical reactivity illustrated above, 
which involve either the determination of the concentrations of the 
reactants at equilibrium or the comparison of rates of reaction, are sus- 
ceptible of precise mathematical formulation and statement. There 
are, however, numerous useful comparisons which can hardly be stated 
except in a qualitative form. These latter methods arc not satisfactory 
from the standpoint of theoretical chemistry, yet they are repeatedly 
used in teaching and in research. These methods depend upon a com- 
parison of the severity of the conditions necessary to induce a given 
type of reaction to occur. The results are stated in terms of the tempera- 
ture, concentration of reagent, pressure, “activity” of the reagent or 
catalyst, etc., required to bring about a given reaction. 
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For example, Norris and some of his associates have measured 
the temperature at which various substituted malonie acids 
(HO 2 CCHRCO 2 H), ethers of triphenylcarbinol (CeHs^COR, and esters 
of triphenylacetic acicl (C 6 H5) 3 CC0 2 R begin to decompose. 34 Norris 
states, “If the ethers are arranged according to decreasing stability 
toward heat, the alkyl radicals fall in the order methyl, ethyl, n-butyl, 
isoamyl, 0-phenyIethyl, n-propyl, isobutyl, benzyl, isopropyl, scc.-butyl. 
This order, with one exception, is the same as that obtained as the result 
of the study of the lability of the oxygen bond in alcohols (H — OR) as 
measured by the velocity of the reactions between the latter and 
p-nitrobenzoyl chloride. The two independent methods based on 
different types of reactions lead to the same conclusion as to the effect 
of radicals on the lability of bonds/’ A similar statement holds true 
for the effect of It upon the temperature of decomposition of the sub- 
stituted malonie acids. 

Similarly, the relative stability of primary, secondary, and tertiary 
alcohols towards dehydration may be stated in terms of the tempera- 
ture required to obtain a detectable amount of reaction. For example, 
under specified conditions the temperature required for the dehydra- 
tion of ethyl alcohol is 50° to 60° higher than for isopropyl alcohol. 38 
Aryl chlorides resist hydrolysis under conditions of temperature and 
reagent that would bring about a rapid reaction with alkyl halides. 
Ze/t -Butyl chloride may be completely hydrolyzed at 25° while isobutyl 
chloride is quite stable. Monoalkyl-acetoacetic esters are hydrolyzed 
at 200° by water; dialkyl-acetoacetic esters do not react at all under 
these conditions. 36 

The concentration of reagent required for a given transformation is 
sometimes used as a means of comparison. For example, the concen- 
tration of sulfuric acid required for the absorption of alkenes is a func- 
tion of the structure of the latter. A progressively less concentrated solu- 
tion of sulfuric acid is required for the absorption of the series of alkenes 
having the skeleton structures: 37 C=C, C— C=C, C— C— C=C, 
q C— 0=C— C. Dialkyl-acetoacetic esters or 

" ' A A 

1,3-diketoncs may be cleaved by an amount of sodium ethoxide which 
is but a small fraction of that necessary for the cleavage of monosub- 
stituted esters or diketones. 36 

34 For reference to Norris, Young, Thompson, Tucker, and Cresswell, see J. Am. Chem. 
Soe., 66, 423 U934). 

35 Adkins and Perkins, ‘ibid., 47, 1163 (1925). 

36 For leading references to work of Adkins, Kutz, Connor, Wojcik, Isbell, ana Beck- 
ham, see ibid., 56, 2fi7f> (1934). 

37 Davis and Schuler, ibid., 52, 721 (1930). 
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The type or activity of a reagent (or catalyst) necessary for accom- 
plishing a given reaction may be a useful means for the comparison of 
relative chemical reactivities. For example, Ziegler and Thielmann 
found that 40 per cent sodium amalgam did not react with tetraphenyl- 
ethane while sodium-potassium alloy cleaved the hydrocarbon (p. 610). 

Comparison of Chemical Reactivities on the Basis of Relative Rates 
of Competitive Reactions. All the above methods for the comparison 
of relative chemical reactivities rest on the assumption that only a single 
set of reaction products is formed. A more complicated situation is all 
too often encountered in which a comparison of chemical reactivity 
must be based on the relative amounts of different sets of products. 
Under this head come numerous comparisons of chemical reactivity. 
Several illustrations of these competitive reactions which have been 
studied for a series of compounds are given below. 

Pyridine and Alkyl Bromides. Nollcr and Dinsmore 38 studied the 
rates of reaction of several alkyl bromides with pyridine. The two 
main reactions are the formation of pyridine hydrobromide and alkene 
and the formation of alkylpyridinium bromides, e.g. 

* C 5 H 5 NHBr + CH2=CH 2 

C 2 TI 5 Br + C|H S X < 

N CsH & N(Br)C 2 H 5 

The reactions were followed by titrating samples at suitable intervals 
for acidity (phenolphthalein) and for bromide (Volhard). The rates 
of each of the competing reactions were calculated from these data by 
a graphical method. The results are summarized in Table XVII. 

TABLE XVII 

Rates or Reactions of Alkyl Bromides and Pyridine (148.8°) 

Pyridine Hydrobromide Alkylpyridinium Bromide 


Alkyl Bromide 

ki 

Relative 

Rate 

h 

Relative 

Rate 

Ethyl 

0.003 

1.5 

0.200 

2.1 

n-Propyl 

0.003 

1.5 

0.129 

1.4 

Isopropyl 

0.020 

10.0 

0.013 

0 14 

n-Butyl 

0.002 

1.0 

0.094 

1.0 

Tsobutyl 

0 003 

1,5 

0.007 

0.07 

sec.-Butyl 

0.027 

13.5 

0.008 

0.09 

ferf.-Butyl 

1.75 

875.0 




These data show the greater tendency of secondary and especially 
tertiary bromides to lose hydrogen bromide and the slowness of the 

88 NoIIer and Dinsmore, fold., 54, 1025 (1932). 
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addition of these latter halides to nitrogen. The reactivity of the four 
primary bromides appears to be of the same order of ma^itude, the 
variation in relative reactivity between the extremes of ?i-but\\ and 
ethyl bromide being as 1 to 2. 

Formation of Cyclopropane Derivatives. Three major products arc 
formed when an a-bromoglutaric acid (I) is treated with concentrated 
alkali, e.g., the formation of a derivative of cyclopropane (II) (p. 86), 
an hydroxy acid (III), and an unsaturated acid (IV). 

CHBrCO*H CHC0 2 H CHOHCO a H CIlCOsII 

I /\ +1 +|| 

CII 2 — CHaCOjH CH 2 — CHCOsH CH 2 CH 2 C0 2 H C1ICH 2 C0 2 I I 

i II III IV 

Tngold 39 compared the yields of these three types of products as 
obtained from glutaric and two substituted glutaric acids. The yields 
of compounds II, III, and IV from these acids were as follows: 



11 

III 

IV 

a-Bromoglutaric 

47% 

10% 

3% 

a-Bromo -^-methyl glutaric 

04 

8 

9 

ce-Bromo-/3,/3-dimethylglutaric 

84 

4 

0 


He interpreted the larger yields of cyclopropane derivative from the 
a-bromo- /3-methyl- and especially from the a-bromo-0, jS-dimethylglu- 
taric acids as an indication of the effect of methyl groups in increasing 
the stability of the cyclopropane ring. 

Alkyl Halides and Silver Nitrite. The proportion of alkyl nitrites 
and nitroparaffins produced by the reaction of a metallic nitrite and an 
alkyl halide is a function of the particular metal, of the halogen, and of 
the alkyl group involved. A summary of the yield and proportion 
of isomers produced by the reaction of various alkyl iodides and bromides 
with silver nitrite is given in Table XVIII. 40 

The results may be summarized as follows: A larger proportion of 
nitro compound was produced from the bromides than from the iodides 
with the exception of sec.-butyl bromide. Isoamyl bromide gave more 
than twice as large a percentage of the nitro compound as did the iso- 
amyl chloride. Primary halides containing a branched chain did not 
give as high a proportion of nitro compound as did the straight-chain 
compounds. If the halogen in the alkyl halide is on a secondary carbon 
atom, the amount of formation of the nitro compound is materially less 

39 Ingold, /, Chem. Soc., 121, 2fi76 (1022). 

40 Reynolds and Adkins, J. Am. Chem . Soc., 51, 279 (1929). 
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TABLE XVIII 

Yields of Nitroparaffin and Alkyl Nitrites 

Iodides Bromides 



Mixed 

Nitro 

Mixed 

Nitro 

Alkyl 

Isomers 

Compound in 

Tsomers 

Compound in 

Radical 

Isolated, % 

Mixture, % 

Isolated, % 

Mixture, % 

Allyl 



74 

80 

74-Propyl 

86 

67 

. 86 

77 

sec.-Propyl 

72 

32 

78 

40 

rc-Butyl 

85 

61 

88 

78 

Isobutyl 

75 

40 

77 

58 

sec.-Butyl 

70 

32 

68 

30 

tert . -Butyl 



GO 

48 

Isoamyl 



78 

67 

n-Heptyl 



94 

71 

see. -Octyl 



82 

34 


than for the corresponding primary or tertiary alkyl halide. It cannot 
be said that there is, in general, either an increase or a decrease in pro- 
portion of nitro compounds with increasing molecular weight of the 
alkyl group. The results obtained with allyl bromide indicate that 
unsaturation has little or no effect on the ratio of isomers formed. The 
highest yields of the mixed isomers were isolated from the reaction of 
normal alkyl halides, the yield increasing with lengthening of the chain 
in the bromides. 

The order of increasing rate of reaction of the alkyl halides is allyl, 
tert. -butyl, sec.-alkyls, isoalkyls, and n-alkyls. The iodides reacted more 
rapidly than the bromides. Butyl and isoamyl chlorides reacted more 
slowly than the corresponding bromides, and isoamyl chloride, gave a 
much lower yield of the nitroparaffin than the bromide did, and even 
lower than the iodide of a similar alkyl radical. 

Competitive Reactions in the Pinacolone Rearrangement (p. 1017). 
Pinacols containing two different substituents R and R' may upon 
rearrangement give two different ketones, depending upon wdiether R 
or R' migrates, e.g., 

R 

i 

R'— C— Oil 

I 

R'— C— OH 

I 

It 

The relation of the structure of R and R' to the ratio of ketones produced 


R R 

I I 

R' — C — R R'— C— R' 

I or I + H z O 
R' — C=0 R— C— 0 
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has been the object of numerous investigations. The status of the 

* m 19 ^° and lQ 33 is well summarized in the Annual Reports 
of the Chemical Society (. London ) for those years. 

. Bachmann 4l ' has extended our knowledge of the reaction in a very 
significant fashion which will be considered in detail. First may be 
considered the rearrangement of symmetrical pinaeols of the type indi- 
cated m the formula above. The proportion to which various groups 
migrated in 24 pinaeols of t this type Is given in Table XIX. 


TABLE XIX 

Migration op Groups in Symmetrical Pinacols 

(Results are mostly from Bachmann but include data from Montagne Bailor 
Beale, and Hatt.) ' 1 ’ 


R 

% 

R' 

% 

p-Tolyl 

94 

Phenyl 

G 

p-Tolyl 

, r )8 

p-Biphenyl 

42 

p-Tolyl 

3.3 

Anisyl 

96. 7 

p-Tolyl 

90 

m-MeO-phenyl 

10 

p-Tolyl 

3 

Phenetyl 

97 

p-Tolyl 

75 

p-Kt-phenyl 

25 

m-Tolyl 

GG 

Phenyl 

31 

m-Tolyl 

13 

p-Biphenyl 

87 

o-Tolyl 

0 

Phenyl 

100 

p-Et-phenyl 

83 

Phenyl 

17 

p-m-Pr-phenyl 

90 

Phenyl 

10 

Anisyl 

98.6 

Phenyl 

1.4 

Anisyl 

96 8 

p-Biphenyl 

3.2 

m-MeO-phenyl 

13.5 

p-Biphenyl 

86.5 

o-MeO-phenyl 

23 

Phenyl 

77 

Phenetyl 

99 

Phenyl 

1 

p-CI-phenyl 

40 

Phenyl 

60 

m-Cl-phenyl 

0 

Phenyl 

100 

m-Cl-phenyl 

0 

p-Biphcnyl 

100 

o-Cl-phenyl 

0 

Phenyl 

100 

p-Br-phenyl 

42 

Phenyl 

58 

p-Br-phcnyl 

4.5 

p-Biphenyl 

95.5 

m-Br-phcnyl 

0 

Phenyl 

100 

p-Br-phenyl 

0 

Phenyl 

100 


Table XX gives the “migration aptitudes” of the various radicals 
(as referred to phenyl equals 1), calculated by Bachmann from the 
figures in Table XIX. For example, the p-tolyl radical migrated to the 
extent of 04 per cent and the phenyl to the extent of 6 per cent. The 
migration aptitude of p-tolyl is 94/6 of that of the phenyl or 15.7. 

41 For leading references, see Bachmann, and Stoinbcrgcr, ibid., 56, 170 (1934). 
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TABLE XX 

Migration Aptitudes in Symmetrical Pinacols 


Anisyl 
Phenetyl 
p-Tolyl 
p-Biphenyl 
p-Isopropylphenyl 
p-Ethyl phenyl 
m-Tolyl 
jn-Methoxyphenyl 1.6, 18 


Phenyl 

1.0 

p-Iodophenyl 

1.0 

p-Bro mo phenyl 

0.7 

p-Chlorophenyl 

0.7 

o-Methoxyphenyl 

0.3 

m-Bromophenyl 

0 

-Chlo ro phenyl 

0 

o-Bromophenyl 

0 

o-Chlorophenyl 

0 


(Bachmann) 

400 

400 

15.7 

11.5 

9 

5 

1.9 


Table XXI shows the extent to which R and R' migrated in seven 
pinacols not previously studied as compared with the migrations as 
predicted from the figures in Table XX. It is obvious that there is an 
extraordinarily close agreement between the ratio of products predicted 
and found. In other words, the “migration aptitudes” appear to be 
independent of the particular symmetrical aromatic pinacol involved. 

TABLE XXI 

Comparison of Predicted and Actual Migrations 


(Bachmann) 


Groups 

Predicted 

Found 

Groups 

Predicted 

Found 


% 

Cl 

jO 


% 

c/ 

/u 

p-Tolyl 

57 

58 

Phenetyl 

99.8 

99 

p-Biphenyl 

43 

42 

Phenyl 

0.2 

1 

m-Tolyl 

14 

13 

p-Bro mophenyl 

6 

4.5 

p-Biphenyl 

86 

87 

p-Biphcnyl 

94 

95.5 

Anisyl 

97.5 

96 8 

p-Ethylphenyl 

24 

25 

p-Biphenyl 

2.5 

3 2 

p-Tolyl 

76 

75 




p-Biphenyl 

100 

100 




-m-Chlorophenyl 

0 

0 


Quite a different result was obtained when the migration aptitudes 
of un symmetrical pinacols R 2 C(OH)C(OH)R / 2 were studied, for here 
the relative rate of migration of R/ and R is complicated by the effect 
of these radicals in determining whether the oxygen eliminated to form 
water comes from the carbon atom carrying R' or R. Table XXII 
gives the relative amounts of migration of various radicals in such 
unsymmctrical pinacols, and Table XXIII the migration aptitudes 
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calculated from the data in Table XXII. It will be noted that the 
migration aptitudes are not independent of the structure of the pinacol 
used as a basis of comparison. 


TABLE XXII 

Migration of Groups in Unsymmetrical Pinacols [R2C(OH)C(OH)R'2l 


(Bachmann) 


R 

% . 

R' 

C7 

/O 

Anisyl 

28 

Phenyl 

72 

Phenetyl 

33 

Phenyl 

67 

p-Tolyl 

49 

Phenyl 

51 

m-Tolyl 

50 

Phenyl 

50 

p-Cl-phenyl 

43 

Phenyl 

57 

p-Biphenyl 

54 

Phenyl 

46 

p-Biphenyl 

58 

ro-Tolyl 

42 

Anisyl 

45 

p-Tolyl 

55 

Phenyl 

78 

Biphenylene 

22 

•m-Tolyl 

54 

Biphenylene 

46 

p-Tolyl 

14 

Biphenylene 

26 

Anisyl 

2 

Biphenylene 

98 

Phenetyl 

4 

Biphenylene 

96 


TABLE XXIII 

Migration Aptitudes in Unsymmetrical Pinacols 


Group 


(Bachmann) 

(«) 
0.39 


0.006 

0.012 


Anisyl 

Phenetyl 

p-Cl-phenyl 

p-Tolvl 

Biphenylene 

m-T olyl 

Phenyl 

p-Biphenyl 

The figures in column (a) are from phenyl and 
ing biphenylene, o.g 


0.75 

0.96 0 046 

0 31 

1.00 0.33 

1.00 100 

1.18 

(6) are from pinacols contain- 


tolyl pinacols; those in 
/CjU* 


Competition in the Reaction of Two Alcohols or Amines with Pheny 
Isocyanate. Davis, Famnm, and Ebersolc" have made significant 
studies with respect to the relative rates at which various pairs of alco- 
hols or amines reacted with phenyl isocyanate. 


CeHfcNCO + ROH Ctf sNHCOjR 
CeH&NCO + KNH. — * C«H 6 NHCONHR 

« Davis, Farnurn, and Ebnrsole, 56, 883, 885 (1934). 
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They allowed one equivalent of phenyl isocyanate to react with a mix- 
ture of one equivalent of each of two alcohols (or amines) and then 
determined the relative amounts of the two possible products. 

They conclude that “the relative velocities of the primary alcohols 
ethyl, n-propyl, n-butyl, isobutyl, and n-amyl have been found to lie 
between 0.7 and 1.0, those of sec.-propyl and see. -butyl alcohols to be 
about 0.33, and those of terf. -butyl and terf.-amyl to be less than 0.01 of 
the relative reaction velocity of methyl alcohol. The relative reaction 
velocity of aniline is about 0.5, and those of ethyl-, n-propyl-, n-butyl-, 
and n-amylainine between 8 and 10 times that of ammonia. The effect 
of the ethyl, n-propyl, n-butyl, and n-amyl groups upon the reactivity 
of the primary alcohols toward phenyl isocyanate is proportional to 
their effect upon the reactivity of the primary amines toward the same 
reagent.” 

Competition in the Cleavage of 1,3-Diketones. An unsym metrical 
1,3-diketone may cleave to give either of two sets of products, e.g., 

» RC0 2 H + CITCOR' 

H 2 0 + RCOCIT2COR' <( 

^ R'COoH + CH3COR 

Bradley and Robinson 43 studied the hydrolysis In a I per cent sodium 
hydroxide solution of a number of diketones in which It and It' were aryl 
groups. A summary of their data is given in Table XXIV. They con- 
clude that “With two exceptions the stronger of the acids which might 
be formed was found to be produced to the greater extent.” 


TABLE XXIV 

Cleavage of 1,3-Di ketones IlCOCHaCOll' 
(Bradley and Robinson) 


R 

It' 

RC0 2 II 

Phenyl 

o-Methoxyphenyl 

18 

Phenyl 

m-M ethoxy phenyl 

38 

Phenyl 

p-M ethoxy phenyl 

50 

Phenyl 

p-Isopropoxyphcnyl 

67 

Phenyl 

m-Chlorophen yl 

34 

Phenyl 

p-Chloro phenyl 

36 

Phenyl 

wi-Nitrophcnyl 

18 

Phenyl 

p-Nitrophenyl 

19 

Phenyl 

2,4-Dimethnx yphenyl 

25 

Phenyl 

3,4-Dimethoxyphenyl 

49 

Phenyl 

3 ,4 k 5-T rimethoxyphenyl 

31 

p-Methoxyphenyl 

m-Methoxyphenyl 

* 21 

3,4-Dimethoxyphenyl 

m-Methoxyphenyl 

60 

3,4-Diraethoxyphenyl 

p-Methoxyphenyl 

66 


i3 Bradley and Robinson, J. Chew.. Sac., 129, 2350 (1920). 
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The alcoholysis and hydrolysis, under various conditions, of a num- 
ber of aliphatic diketones have also been studied. 86 A summary of the 
data is given in Table XXV. With these compounds it docs not appear 
that the stronger of the two possible acids (or its ester) is produced in 
the greater proportion. The experimental conditions during cleavage 
modified the ratio of cleavage products. The cleavage occurs on the 
unenolized side of the diketone so that the direction of enolization is an 
important consideration in ^determining the point of cleavage of the 
molecule. 

Bartlett has written significant papers in describing his studies of 
competitive rates in the enolization of ketones. 44 

TABLE XXV 


Cleavage of Unsymmethicat. Diketoxes CIRCOCILCOR 



ch 3 co 2 h 


CH3CO2II 


(or Ester) 


(or Ester) 

R 

% 

R 

r/ 

,0 

n-C 3 H 7 

43 * 


90* 

n-C 3 II 7 

49 f 

ferf.^IR 

75 § or 

tt-C 3 II 7 

52 \ 

terl- C4H9 

91 * 

W-C4II9 

54 % 

fert.-GiHg 

58 f 

n-Cilh 

61 * 

Furyl 

100 * 

71-C4II9 

55 f 

Furyl 

loot 

W0-C4H9 

66 $ 

Oyelohcxyl 

53 t 


58 § 

Cyelohexyl 

58 * 

ZSO-C4II9 

65 * 

Phenyl 

100 1 

7SO-C4II9 

Q 7 1 

Phenyl 

so§ 

sec.-CMR 

81 * 

Phenyl 

100* 


62 f 



* EtOH + Iia at 60°. 
t One per cent aqueous sol 
+ Dry EtOH in brass cont: 

ution of sodium hydroxide at CD 1 
.liner at 200°. 



§ EtOH I traces of aluminum etboxidc at 200°. 


Competition in the Cleavage of Unsymmetrical Diarylmercury 
Compounds. Kharasch and his associates 45 have made an extensive 
comparison of the amounts of products obtained by the reaction of 
hydrogen chloride with unsymmetrical diarylmercury compounds 
(p. 519). The type reaction is: 

, RH + R'HgCl 

RHglV + HC1 <_ 

^ R'H + RHgCl 

114 Bartlett and Stauffer, /. Am* Chcrn. Soc,, 57, 2582 (1935). 

46 For leading references to work of Kharasch, Grafflin, Marker, Flennrr, Shcr, Rnin- 
niuth, and Mayo, see J . Ckem. Education, 11, 82 (1934) ; ./. Am. Chem. Soc., 54, 674 (1932). 
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If it be assumed that the more electronegative radical unites with the 
hydrogen, then the relative amounts of RH and R'H formed (or of 
R'HgCl and RHgCl) arc a measure of the relative electronegativity 
of R and R'. Upon this basis Kharasch has concluded that, in order 
of decreasing “electronegativity,” certain radicals may be listed as 
follows: p-methoxyphenyl, o-methoxy phenyl, o-naphthyl, o-tolyl, 
p-tolyl, m-tolyl, phenyl, p-chlorophenyl, o-chlorophenyl, m-chlorophenyl, 
2,4-dichlorophenyl, 2,5-dichlorophenyl, methyl, ethyl, n-propyl, n-butyl, 
n-heptyl, benzyl, 0-phenylethyl, p-chlorobcnzyl, o-chlorobenzyl, and 
m-chlorobenzyl. 

Kharasch calls attention “to what to me is an extremely important 
and striking generalization, namely, that the electronegativity of any 
radical which can be made by the direct introduction of a substituent 
into an organic radical is lower than that of the parent substance. 
Thus the chlorophenyl radical is much weaker in electronegativity than 
the phenyl and the dichlorophenyl radical is still lower in electronega- 
tivity. The para-, ortho-, and mc£a-chloroben zone radicals are lower in 
electronegativity than the benzene radical. Tin; conclusion one would 
draw from these data is that whereas by superficial examination of sub- 
stituted molecules one viewpoint predicts that the molecule should be 
more electronegative than the parent substance while the other that it 
should be less electronegative, the latter view would probably be true 
in most cases.” 

There is a superficial resemblance between the method for comparing 
radicals noted just above and, for example, Conant's method of deter- 
mining the relative strength of two weak acids by allowing a molecular 
equivalent of each to compete for one molecular equivalent of sodium. 
However, there is a fundamental difference between the two methods 
in that the latter involves a reversible reaction while Kharasch’s depends 
upon non-reversible reactions. 

Interpretation of Data on Relative Chemical Reactivity, An im- 
portant limitation upon the interpretation of data bearing upon relative 
chemical reactivity is that frequently the experimenter does not know 
exactly what he is measuring. In all studies of the variation in the con- 
centration at equilibrium with variation in the structure of the reactants 
there is a strong probability that the concentrations as measured will 
not be the true concentrations or activities. This is true because of the 
prevalence of molecular association among organic compounds, es- 
pecially those containing oxygen and nitrogen, which are of the most 
interest. Furthermore, there are few, if any, simple equilibria among 
organic reactions. For example, the reaction of an aldehyde with an 
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alcohol to form an acetal certainly involves at least three equilibria 
besides those concerned with the catalyst. 

RCHO + R'OH *=* RCII(OH) (OR') 

RCH(OH)(OR') + R'OH RCH(OR') 2 + H 2 0 

RCHO + H 2 0 RCII(OH) 2 

It is possible, of course, to measure the effective concentrations by a 
determination of the vapor pressures of the components of the equi- 
librium mixture. Ibis lias been done for a few reactants, but it is not 
practical to do so for an extended list. It may be that the complexity 
of the acetal reaction is unique, but it is equally probable that its com- 
plexity is only more apparent than that of some other reactions. 

A similar situation arises with respect to rate studies, for in these 
the reaction measured is the slowest one involved and if several steps 
are concerned it is by no means certain that the slowest reaction with, 
let us say, benzyl chloride, is the same step in the chain as the slowest 
reaction with, let us say, dodecyl chloride. 

A reply may be made to such criticisms to the effect that the organic 
chemist is not concerned with that mystic realm that never was, in 
which all solutions and gases arc ideal, and which corresponds to a 
mathematician’s dream. Rather is ho concerned with a world of physi- 
cal reality in which the solutions he uses are far from ideal, in which 
association and catalytic effects are coupled with a multiplicity of side 
reactions. The organic chemist wishes to know, first of all, something 
about the relative rates of reaction of various alkyl halides, for example, 
from whatever sources these differences may arise. Secondly, he would 
like to know what are the differences in molecules which result in differ- 
ences in rates of reaction. Kharaseh, Rcimnuth, and Mayo in reference 
to disregarding all experiments which do not serve for the calculation 
of free energy changes very aptly remark: “While it is eminently safe 
and respectable in that it never permits one to make any mistakes, it is 
also eminently sterile in that it seldom permits one to do anything.” 
And it has been said that “The notion of absolute acidity as distinct 
from the relative activities of some particular acid in two different sol- 
vents, must be relegated to the limbo of seductive but meaningless 
fiction.” 

Although the point of view expressed above amply justifies experi- 
mental comparison of the chemical reactivities of a series of compounds 
by any of the various methods, yet one should not attempt to draw 
conclusions from such data with a tacit assumption of ideality. Cer- 
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tainly one should not mix indiscriminately conclusions drawn upon the 
basis of equilibrium in a reversible reaction with conclusions resting 
upon measurements of rates of reaction or upon the severity of conditions 
required to accomplish a given type of transformation. These various 
phenomena are, of course, related, and Norris, for example, has shown 
a parallelism between the order of chemical reactivity of a series of 
substituents as measured by rates and severity of conditions required 
for a reaction to occur. 

The facts given above with respect to rates and equilibria in thje 
formation of semicarba zones and acetals and in the migration of double 
bonds show that there is no correlation between the rate of a reaction 
and the decrease in free energy or extent of the reaction. This, of 
course, is not saying that there is no connection between the rate of a re- 
action and thermodynamics (Chapter 23). It is merely stating that the 
driving force or decrease in free energy is only one of the factors deter- 
mining reactions, and that in many reactions it is not a very important 
one in determining rates of reaction. Space factors, the a term in van 
der Waals* equation, and orienting or activating cha met eristics, etc., may 
play the determining role. The statement made above does mean that 
it is certainly unsafe to attempt to draw definite conclusions as to elec- 
tronic structure (Chapter 25) on the basis of results obtained from 
studies of rates of reaction. In fact as Lapworth and Manske have pointed 
out, “It should be realized from the outset that the primary interior 
effect of a given substituent on an atom varies even in sign with the 
nature of the atom at which substitution takes place.” 

The interpretation of data on relative chemical reactivity based 
upon competitive reactions is particularly hazardous. This is true 
because rates of reaction and particularly relative rates of competitive 
reactions arc so sensitive to the experimental conditions of temperature, 
solvent, catalyst, etc., and to apparently minor differences in the physical 
and chemical characteristics of the particular species of molecule under- 
going reaction. Particularly striking evidence upon this point has come 
to light in connection with the addition of hydrogen bromide to an 

* RCIIRrCIIs 

alkcne, i.e., RCH=CIl 2 + HBr / . A great many experi- 

^ RCIl 2 CH 2 Br 

ments over a long period of time indicated that the bromine would 
always add to the secondary carbon as indicated in the first reaction. 
However, Kharasch and Mayo have shown that, with butene-1, either 
sec. -butyl or n-butyl bromide may be obtained depending upon whether 
the reaction mixture contains diphenylamine or benzoyl peroxide. 
Whether or not a reversal of the direction of addition is obtained de- 
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pends upon the solvent, the reagents, and the structure of the alkcnc 
involved. 44 Among other illustrations to the same end may be cited the 
following: The ratio of cleavage products of the unsymmctrical 1,3-dike- 
tones is distinctly modified by changes in the conditions of reaction 
(Table XXV). De Ceuster has shown the same statement to be true 
with respect to the cleavage of unsymmetrical simple ketones by sodium 
amide, sodium hydroxide, etc. 47 

The ratio of alkyl nitrite and nitroparaffin produced by the reaction 
of an alkyl halide and silver rfitrite bears little relationship to the electro- 
chemical character of the particular alkyl group and halogen involved. 
The proportion of ortho-, meta-, and para-compounds produced by sul- 
fonation, nitration, or halogenation of benzenoid derivatives is pro- 
foundly modified by the reagent and experimental conditions. In con- 
trast with these reactions arc the beautifully consistent results obtained 
by Bachmann on the relative migratory aptitudes of radicals based upon 
the rearrangement of symmetrical tetraaryl pinacols. 

The lack of a consistent relationship between the ralio of products 
formed in competitive reactions and the relative stability of the prod- 
ucts from the standpoint of energy relationship, electrochemistry, 
and thermodynamics is very certain. For example, it is well established 
that the rings in cyclic ketones (p. 105) containing six or more carbon 
atoms are of approximately equal stability when once formed. Yet. 
there is a great variation in the relative yields of such ketones obtained 
by heating a salt of a dibasic acid, depending upon the number of car- 
bon atoms in the chain of the acid and other factors. Ruzicka 48 has 
pointed out that the yield of ketone obtained is perhaps a function not 
only of the stability of the ring (which is constant for six or more car- 
bon atoms) but also of the distance between the ends of the chain in the 
open-chain compound.* 

However, the present author does not wish to suggest that the study 
of competitive reactions will never show the relative strength of bonds, 
relative electronegativity, etc, but only that such a comparison cannot 
be depended upon to do so. For example, Kharasch believes that the 
proportion of two hydrocarbons resulting from the cleavage of mercury 


« For references see Kharasch and McNub. J. Am, Chem.Soc.M, 2463 (1935) , fehei all . 
Mayer, and Walter, ibid., 56, 926, 1045 (1934); Whitmore and Homcyer, 4555 

(1933); Linstead and Kydon, Ao/urr, 132, 043 (1933) ; Ashton and Smith, J. them, inc, 
1308 (1934) ; Arm. Rcpts. Chart. Sm. (London), 36, 219 (1939). 

« De Ceuster, Natuurw. Tijdsckr , 14, 1S8 (1932) [C. A., 26, 4323 (1932)]. 

48 Ruzicka and co-workers. Hch. Cititu. Acta, 9, 512 (1926). 

* It may bo ‘that the relative yields of cyclopropane derivatives obtamed by Ingo , 
noted earlier in this chapter, are really a nicnM.ro of the relative stability oi the cycle- 
propane rings formed. Nevertheless, the method is om. o u ious \ 
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derivatives (R — Hg — R') with hydrogen chloride is independent of the 
experimental conditions and so serves to compare the relative “electro- 
negative’ ' character of R and R'. if this be true, and the use of the 
tables of relative reactivities so obtained serves to rationalize a variety 
of experimental findings, then the method will have been of great service, 
for, as Kharasch remarks, “The true value of a theory or hypothesis 
must be determined by its utility and is in no way related to the debating 
prowess of its proponents.” 

There is no intention on the author’s part of minimizing the impor- 
tance of studying the relative rates of competitive reactions. Quito the 
contrary view is held, for apparently in no inconsiderable degree the 
progress of organic chemistry lies through such studies. In fact, one 
of the most important groups of problems in organic chemistry is con- 
cerned with the control of the ratio of competitive reactions. It is a 
matter of hope and of satisfaction to know that in a great many reactions 
the ratio of reaction products is not determined by the laws of thermo- 
dynamics, but that it may be modified more or less in accord with the 
desire of the chemist. The chemist in this field of experimentation is 
not like the engineer of a locomotive who must drive where the rails 
lead; rather is he like a man at the wheel of a car who has many roads 
open to him to be followed at his pleasure. 

It was stated above that this chapter was not concerned with the 
development of “models which have properties analogous to those of 
the phenomena” of relative chemical reactivity. This lack of concern 
for hypotheses as to the mechanism of reactions, such as those of Ingold, 
for example , 49 should not be construed as any reflection upon the values 
of such hypotheses. It may be well therefore to end this chapter with 
another pertinent quotation from Langmuir . 1 

“Skepticism in regard to an absolute meaning of words, concepts, 
models or mathematical theories should not prevent us from using all 
these abstractions in describing natural phenomena. The progress of 
physical chemistry was probably set back many years by the failure 
of the chemists to take full advantage of the atomic theory in describing 
the phenomena that they observed. The rejection of the atomic theory 
for this purpose was, I believe, based primarily upon a mistaken attempt 
to describe nature in some absolute manner. That is, it was thought 
that such concepts as energy, entropy, temperature, chemical potential, 
etc., represented something far more nearly absolute in character than 
the concept of atoms and molecules, so that nature should preferably be 
described in terms of the former rather than the latter. We must now 
recognize, however, that all of these concepts are human inventions and 


49 Ingold, Chern. Rev., 15, 225 (1934). 
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have no absolute independent existence in nature. Our choice t therefore , 
cannot lie between fact and hypothesis , but only between two concepts (or 
between two models) which enable us to give a better or worse description of 
natural phenomena .* By better or worse wc mean approximately sim- 
pler or more complicated, more or less convenient, more or less general. 
If we compare Ostwald’s attempts to teach chemistry without the use 
of the atomic theory with a good modern course based upon the atomic 
theory, we get an understanding of what should be meant by better 
or worse.” 
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sulfonation, 177-178 
Alkenynes, substitution reactions, 45 
Alkyd resins, 714 
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direct fluorination, 946 
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Alkynes, .see Acetylenes 
addition of hydrogen fluoride, 947 
addition of hydrogen halides, 47 
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Aluminum alkoxide, use in reduction, 
676 
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deamination, 1101-1102 
decarboxylation, 1091, 1097, 1155 
dipolar ions, 1088-1090 
electrophoresis, 1080 
esterification, 1090 
formaldehyde titration, 1087, d09G 
formation of polyamides from, 722-724 
general properties and reactions, 1085- 
1104 

indispensable, 1083, 1162 
isoelectric point, 1087-1088 
natural, 1079-1165 
optical activity, 1085-1087 
oxidation, 1100-1102 
preparation, general methods, 1104- 
1109 

racemization, 1093-1095 
Raman spectra, 1089 
reactions, with aldehydes, 1096-1098 
with a-keto acids, 1097 
with nitrous acid, 1091 
with quinunes, 1097, 1098 
resolution, 1109 
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Amino acids, separation, 1082-1083 
solubility, 1087 
synthesis, 1104-110S 
titration, 10S7, 1090, 1096 
Amino alcohols, optically active, re- 
arrangement, 9S7-988 
Aminocellulose, 1683 footnote 
Amino condensation products of sugars, 
structure, 1579-1580 
a- Amino~/3-hydroxy butyric acid, 1123 
Amino sugars, 1613-1617 
Ammines, chelate derivatives, 1876 
organoinetallic, 553 

Ammonia, reaction with unsaturated 
carbonyl compounds, 679 
Ammonia system, sec Liquid ammonia 
reactions 

Amolonin, 1456, 1457 
Amylene oxide sugars, definition, 1555 
Amyloid, 1695 
Anabasine, 1193 

Androgenic hormones, 1498-1510 
assay, 1498 
bisexual, 1509 

conversion to estrogens, 1508 
isolation, 1499, 1502-1503 
male, 1509-1510 
physiological action, 1508-1510 
principal members, 1500-1501 
related compounds, 1500-1501 
stereochemistry of the hydroxyl 
groups, 1504-1505 

structure and physiological activity, 
1508-1510 
testosterone, 1503 
transformation, 1505-1508 
/i-AVAndrostane derivatives, 1510 
Androstanediol, 1509 
Androstanedione, 1502 
A 5 - A ndr ost e nediols, 1502, 1504, 1509 
from dehydroandrosterone acetate, 
1504 

spatial configuration of hydroxyl 
groups, 1504 

A 4 -Androstenedione, 1502, 1510 
from testosterone, 1503 
reduction to testosterone, 1529 
Androsterone, 1499, 1502, 1504, 1509 
preparation from cholesterol, 1506 
lume II, pages 1079-1983. 
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Angostura alkaloids, 1208-1209, 1254 
Anhalamine, 1210-1211 
Anhalidine, 1210 
Anhaline, 1210 
Anhalinine, 1210 
Anhalonidinc, 1210 
Anhalonine, 1210 
Anhalonium alkaloids, 1209-1211 
Anhydrides, polymeric, 735 
Anhydrostrophanthidins, 1440, 1442- 
1443 

Anhydro sugars, 1617-1023 
butylene oxide type, 1621 
ethylene oxide type, 1618-1621 
propylene oxide type, 1621 
Aniline, addition to quinones, 691 
Animal cellulose, 1667 
Anionoid activity, 1S59 
Anserine, 1158 
Anthocyanidins, 1316 
absorption spectra, 1326 
degradation, 1320-1323 
distribution, 1330-1331 
occurrence, 1330-1331 
properties, 1329 

relation to other plant products, 1328, 
1330-1331 

synthesis, 1323-1324 
tests for, 1327-1328 
types, 1318-1319 
Anthocyanins, 1316-1331 
acid radicals of, 1319 
acylated, 1319 
color, 1326-1327 
color of salts, 1325-1326 
glycosidic nature, 1319-1320 
isolation, 1324-1325 
occurrence, 1327-1328 
properties, 1324-1325 
purification, 1325 
structure, 1316-1318 
synthesis, 1323-1324 
Anthoxanthin, conversion to anthocyan- 
idin, 1328, 1330 
Anthracene, 162-172 
nitration, 176 
structure, 1971-1974 
0-Anthraminc, 168 
Anthranols, 165, 180 


1,4-Anthraquinone, structure, 171 
Anthrone, tautomerism, 186 
Antiareginin, 1447 
Antimony compounds, 562-563 
Antimony fluoride as fluorinating agent, 
948 

Antimony fluorochlurides as fluorinating 
agents, 948 
Antioxidants, 657 
in addition reactions, 1915 
Apoatropine, 1198 
Apocholic acid, 1417 
Apoharmine, 1229 
Apoharminic acid, 1229 
Apomorphine, 1225 
Apouucine, 1210-1241 
Apoquinine, 1206 
Apoyohimbine, 1235 
Arabine, 1229 
Arecaidine, 1185-1186 
Areca nut alkaloids, 1184-1186 
Arecoltne, 1185-1186 
Arcnobufagin, 1452 
Arginase, 1142 
Arginine, 1141-1142 
Arginine-phosphoric acid, 1144 
Armstrong- IRaeyer benzene formula, 126 
Aromatic compounds, hydrogenation, 
73-74 

structure and reactions, 117-213 
Aromaticity, 117, 119 
Aromatic nuclei, catalytic reduction, 
817-819 

reduction, table of, 818 
Aromatic substitution, 174 
electronic theory of, 205 
Aromatizat ion, sec Dehydroeyclizatinii 
Aroxy radicals, 618 

Arsenic compounds, optical isomerism, 
426-432 

Arsonium bases, electronic theory, 1838 
Aryl-(alky1et hy n yl )-cl hanes, 610 
Arylisothiouronium salts, 845 
Aryl radicals, 615 
Arylthiyl radicals, 619 
Ascorbic acid, 1633-1638 
structure, 1634-1635 
synthesis, 1635-1637 
synthetic analogs, 1637-1638 
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Asparagine, 1116, 1118 
Aspartic acid, 1115-1118 
Association polymers, definition, 706 
Asymmetric, atoms, 221 
biphenyls, 358-370 
crystals, 220 
induction, 312 
molecules, 221 

with restricted rotation, 343-383 
synthesis, 308-315 
' absolute, 312 
biochemical, 311 
chemical, 308-311 
definition, 308 
enzymatic, 311 
Asymmetry, molecular, 221 
Atomic distances in fluorides, 962 
Atomic models, Stuart, 321 
Atomic radii, 1772 

Atoms, electronic structure, 1944-1948 

Atrolactic acid, 1194 

Atropamine, 1198 

Atropic acid, 1194 

Atropine, 1194 

Atroscine, 1197 

Autoxidation, aldehydes and ketones, 
656-657 

v. Auwers-Skita rule, 1373, 1493, 1504 
Auxochromes, 1788-1789 
Azides, rearrangements, 977 
urethanes from, 1106-1107 
Azlactones, 1093, 1102, 1122 
Azobenzene, cis-trans isomers, 473-474 
reaction with organomctallic com- 
pounds, 498, 511-512 
Azo compounds, catalytic reduction, 
814-815 

Azomethines, 658-660 
addition of Grignard reagent, 504, 659 
addition of organolithium compounds, 
659 

reduction, 660 

Azomethylene compounds, see Azometh- 
ines 


Baeycr strain theory, 68 

Baeyer test for ethylenic linkage, 635 

Bakelite, 731 

Barbier-Wieland degradation, 1357, 
1360, 1423, 1432, 1440, U60, 
1478, 1495 

Barium compounds, 5 16-547 
Barium sulfate as support for palladium 
catalyst, 786 

Bart reaction, preparation of stibonic 
acids, 562-563 
Bases, definition, 1858 
strength, 1034-1035 

Beckmann rearrangement, 470-471 , 979, 
984, 1004, 1026 
dihydrocodeinone oxime, 1225 
salt formation in, 984-985 
Beetle-Melamine, 731 
Belladonna alkaloids, 1 194-1198 
Bclladonnine, 1198 

Benzalacetophenone, addition of organo- 
metallic compounds, 511 
additions to, 675-681 

1.2- Benzanthracene, structure, 168 
Benzanthrone, addition of Grignard 

reagent, 172 

2.3- Benz-9-anthrone, equilibrium, 169 
Benzene, addition products, 133 

bond lengths, 124 
halogcnation, 179 
hydrogenation, 133 
oxidation, 133 
ozonizatiori, 133-134 
reduction, 73-74 
resonance in, 1970-1971 
thermochemistry, 118-119 
Benzcnediazoic acid, 192 
Benzene formulas, 120-132 
Armstrong-Baeyer, 126 
centric, 126 
centric-electron, 131 
Claus, 124 
Dewar, 125 
electronic, 130 
Kekule, 121 
Ladenburg, 122 


Bacterial cellulose, 1668 
Bacteriochlorophyll, 1313 


para bond, 124 
prism, 122 
Thiele, 127-128 
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Benzenesulfonic acid, 178 
Benzenetetracarboxylic acid, 1402, 1442 
Benzhydroxamic acid, rearrangement, 
977 

Benzidine rearrangement, 976, 995, 

1021 

Benzilic acid rearrangement, 974, 976, 
980, 986, 1000 
Bcnzilmonoximes, 470-471 
Benzohydryl rule, 537-538 
Benzoin oximes, effect of chelation in, 
1879 

Benzoins from aldehydes, 649 
Benzophenone-anil, addition of Grignard 
reagent, 68S 

reaction with organometallic com- 
pounds, 545 

Benzopinacol diphenyl ether, 613 
Benzopyrone, 1332 
Benzopyrylium chloride, 1317 
o-Benzoquinone, reduction potential, 
158-159 

Benzoylated sugars, preparation, 1561 
3,4-Benzpyrene, 173 
Benzylazide, rearrangement, 979 
Benzyloellulose, 1691 
Bcrberal, 1214, 1215 , 

Berberine, 1214-1216 
Berberonic acid, 1214, 1235 
Beryllium compounds, 545 
optical isomerism, 432-433 
Bessisterol, 1398 

Betaine, occurrence as sugar derivative, 
1614 

Betai ne hydrazide, 1115 
Betaines, 1115, 1124,1157 
Betel alkaloids, 1184-1186 
Bicyclic compounds, aliphatic, 114-115 
Bifunctional molecules, production of 
poly mere from, 705-706 
Bile acids, 1411-1427 
and sterols, common nucleus, 1349- 
1350 

Cio— CII 3 group, 1421 
eolor reactions, 1418 
conjugated, 1426 
dehydration, 1416 
derived, 1413 
formation, 1412 
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Bile acids, isolation, 1412, 1414 
molecular compounds, 1421-1422 
natural, 1413, 1422-1423 
nomenclature, 1414 
nuclear hydroxyl groups in, 1414-1416 
occurrence, 1412 

physiological transformations, 1426 
taste, 1416 

transformations of nucleus, 1418-1420 
iinsatiirated, 1416-1418 
Bile alcohols, 1425-1426 * 

Bilianic acid, 1418-1419 
Binary system, MgXs + Mg, 503, 518, 
571 ; sec also Magnesious halides 
Biogenesis, of alkaloids, 1252-1257 
of steroids, 1528 

Biphenyls, coaxial-noncoplanar model, 
352 

optical isomerism, 347-370 
physical data, 356 
size of groups, 359-361 
stcric effects, 366 
unsymmetrical substitution, 355 
x-ray data, 351-352 
Bjpyridyls, optical isomerism, 374 
Bipyrryls, optical isomerism, 375 
Biradicals, 602-604 
Birotation, 1546 

Bischler-Napieralekt reaction, 1213 
synthesis of oxyberberine by, 1216 
2 ,3-Bisd^soxy glucose, 1633 
Bisexual hormones, 1 509 
Bismuth compounds, 562-564 
Bisnorcholanic acid, 1361 
Bisulfite, see Alkali bisulfite 
Bivalent carbon, 973, 980 
Bixanthyl, 604 

Bixanthyl-9,9'-dicarboxylic acid, 611 
Blanc method, synthesis of cycloalka- 
nones, 80-82 

Blanc rule, 81-82, 1358, 1359, 1361 
Boeseken method of determining abso- 
lute configuration in sugars, 1570 
Boiling points, 1732-1737 
alkyl fluorides, 953-955 
calculated from atomic volumes, 1734 
correlation with struct i^-e, 1736 
equations for, 1733-1734 
relation to dipole moment, 1736 
ume II, pages 1079-1983. 
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Boiling points, sulfhydryl compounds, 
840-841 

Bond, coordinate, 1827-1829 
covalent, 1825-1827, 1948-1951 
electrostatic, 1 948-1 949 
energies, 1852-1854 
for covalent bonds, 1800 
ion-dipolc, 1949 
ionic, 1825-1830, 1949 
metallic, 1948 
orbitals, 1952-1956 
polarizabilities, 1856-1858 
refractivities, 1857 
shared-electron-pair, 1 949-1 950 
Boric esters of carbohydrates, 1609-1610 
Boron compounds, 552-553 
optical isomerism, 432-433 
Brassicasterol, 1398 
von Braun degradations, 1174-1175 
Bredt rule, 113-114 

Bromination, addition-elimination mech- 
anism, 179-182 
phenanthrene, 179-182 
Bromine, addition to ethylenic linkage, 
637 

addition to quinones, 691 
addition to unsalurated acids, 683 
Bromomethylfurfural, from cellulose, 
1698 

l-Brnmo-2-naphthol, 152 
9-Bromophenanthrene, 179 
Brucine, 1236 
Brucinolic acid, 1239 
Brucinolone, 1239 
Brucinonic acid, 1239 
Bucherer reaction, 151 
Bufocholanic acid, 1420-1421 
Bufodesoxycholic acid, 1420 
Bufotalien, 1450-1451 
Bufotalin, 1449, 1450-1451 
Bufotenine, 1164, 1227 
Buna rubbers, 760, 764, 765 
Butadiene, copolymer with methyl meth- 
acrylate, 757 

Butadiene dibromides, rearrangements, 

1001 

A a, ^-Butenolijies, 1434 
Butyl alcohol and acetone fermentation, 
1661-1662 


ri- Butyl cyclopentane, 118 
Butylene oxide sugars, 1557 
Butyl rubber, 760 
Butyric acid fermentation, 1661 

C 

Cadmium compounds, 548-549 
Cafesterol, 1398 

Calabar bean alkaloids, 1230-1234 
Calciferol, see Vitamin D 2 
Calcium carbonate as support for 
palladium catalyst, 787 
Calcium compounds, mi Organocalcium 
compounds 

Caraphene hydrochloride, rearrangement 
to isobornyl chloride, 991 
Camphor, 72 

conversion to p-cymene, 118 
Camphor series, rearrangements in, 991- 
993 

Canadine, 1216 
Canalinc, 1 149-1150 
Canavanine, 1149, 1150 
Cannizzaro reaction, 649 
mechanism involving free radicals, 630 
Carbamino acids, 1095 
Carbanions, in rearrangements, 988, 
989 

optical activity, 383-388 
Carbcthoxykryptopyrrolc, 1 268 
Carbides, 492, 524, 574 
Carbobcnzoxyamino acids, 1117 
Garbodiimides, 665 

Carbohydrates, nee Sugars ami Cellulose 
cellulose, 1664-1719 
mono- and oligosaccharides, 1532-1604 
sugar derivatives, 1605-1663 
4-Carboline, 1228 
Carbon, direct fluorination, 946 
Carbonation of Grignard reagent, 505- 
506 

Carbon atom, asymmetric, 224 
pseudoasymmetric, 235 
tetrahedral, 222-223, 1052-1956 
Carbon dioxide, reaction with Grignard 
reagent, 505-506 

Carbon disulfide, reaction with Grignard 
reagent, 505 
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Carbonic acid, sulfur analogs, 938-939 
Carbonium ions, in rearrangements, 982, 
988, 989, 997-999 
optical activity, 397-400 
Carbonium salts, anthocyanins, 1317 
footnote 

Carbon monoxide, electronic theory of 
addition to, 1907-1908 
Carbonyl bridges, 687 
Carbonyl compounds; see -under in- 
diiiducd members 
Carbonyl group, 643-657 
Carbo waxes, 771 
o-Carboxycinnamic acid, 133 
Carboxyl group, rates of esterification, 
683 

Carbylamines, see Isocyanidea 
Carbyl sulfate, 904 
isolation in sulfonation, 640 
Cardiac aglucons, 1427-1447 
and toad poisons, 1427-1454 
interrelationship, 1443-1447 
lactone ring, 1434--1435 
principal members, 1431 
ring system, 1430, 1432 
squill aglucon, 1448 
strophanthidin, 1435-1440 
structure and physiological action, 
1452-1454 

Cardiac glycosides, 1427-1430, 1633 
physiological potency, 1453 
principal members, 1428-1429 
sources, 1427, 1428-1429 
Carnegine, 1254 
Carnosine, 1157-1158 
Castor-bean alkaloid, 1186-1187 
Catalase, 1260 

Catalysts, amorphous forms, prepara- 
tion, 784-789 

colloidal forms, preparation, 783 
definition, 790 

for esterification of cellulose, 1679 
for hydrogenation, preparation, 783- 
789 

for polymerization, 741 
redistribution reaction, 1814 
role in hydrogenation, 790-797 
Catalytic hydrogenation, 634, 770-819 
and hydrogenolysis, 779-834 
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Catalytic reduction of various functional 
groups, 797-819 
Cationoid activity, 1859 
Cellan, 1699 

Cellobiose, determination of structure, 
1598-1600 
from cellulose, 1697 
Ilaworth formula, 1697, 1712 
Ccllodcxtrins, 1696 
Cellulosates, 1669-1672 
Cellulose, 1604^1719 
acetals, 1689 
acetates, 1679-1683 
acetolysis, 1668, 1682 
action of ammonia, 1672 
action of enzymes, 1671 
action of hot alkalies, 1673 
action of hydrobromic acid, 1 698 
action of hydroclilorie acid, 1698 
action of periodic acid, 1693 
action of Schweitzer’s reagent, 1674 
action of strong organic bases, 1672 
aging of, 1672-1673 
alcoholates, 1670 
alkali fusion, 1673 
alkali metal derivatives, 1669-1672 
amino-, 1683 footnote 
animal, 1667 

arrangement of micellae in, 1714 
as polyacetal, 734 
bacterial, 1668 
benzyl ether, 1691 
carboxylic groups in, 1668 
catalysts for esterification, 1679 
cellobiose from, 1668 
chemical constitution, 1701-1709 
chemical properties, 1667 
coke, 1699 

complex metallic salts, 1674 
copper-ethylenediamine, 1674 
cuprammonium, 1674-1675 
degradation, by acids, 1694-1699 
by biological processes, 1700-1701 
degree of polymerization, 1669 
derivatives with organic bases, 1672 
destructive distillation, 1699-1700 
esters, 1676-1687 # 

with p-toluenesulfonic acid, 1682- 
1683 
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Cellulose, ethers, 1687-1691 
ethylene oxide derivatives, 1690 
fermentation of, 1700-1701 
fibrillar structure, 1716-1718 
fine structure, 1709-1716 
glucose from, 1668 
glycolic acid ether, 1690 
hydrate, 1671 

hydrolysis by acids, 1668, 1694 
isolation and purification, 166^-1667 
mercerization, with acids, 1 672 
with bases, 1669 

methyl and ethyl ethers, 1687-1689 
methylene ethers, 1689 
microstructure, 1716-1718 
molecular weight, 1705-1709 
nitrate, 1677-1679 

oligosaccharides from, 1668, 1696-1699 
oxidation, 1691-1694 
reducing power, 1667 
regeneration from solution, 1675 
solvents for, 1675 
sources, 1666 
standard, 1667 
structural formula, 1667 
submicroscopic structure, 1710, 17 t3- 
1716 

sulfates, 1679 
swelling, 1671 

synthesis of, by bacteria, 1668 
thermal degradation, 1699-1 J00 
tosyiation, 1682-1683 
triphenylcarbinyl ether, 1690 
type of linkage in, 1704-1705 
viscosity, 1669 
viscosity of solution, 1 707 
x-ray structure studies, 1709-1716, 
1767 

Cellulose formulas, present concept, 1667 
Tollens, 1702 

Cellulose structure, Meyer and Mark 
concept, 1712-1713 
present concept, 1667 
Sponslcr and Dorc concept, 1710-1711 

Cellulose xanthate, 1670, 1683-1687 
mechanism of formation, 1684-1685 
preparation 1683-1684 
properties, 1685-1686 
ripening, 1686 


Cerevisterol, 1399 
Chain reactions, 1932 
Ch’an Su, 1449 

Chapman rearrangement, 1016 
Chavicic acid, 1181 
Chavicine, 1180 
Chelate rings, 1868-1883 
aromatic compounds, 140-141 
polydentate, 1877-1878 
spirane types, 1871 
Chelation, 1868-1883 
detection by absorption spectra, 1778- 
1783 

effect on orientation, 1877-1879 
in chemical reactions, 1879-1883 
in Grignard reaction, 1003 
intramolecular, 1003 
Chemical reactivity, see Relative reactiv- 
ity 

classification, 1858-1861 
comparison, 1032-1072 
by competitive reactions, 1064-1072 
by severity of conditions, 1062 -1064 
effect of concentration on comparison, 
1063 

interpretation of data, 1072-1077 
Chemigum, 760 
Chemiluminescence, 504, 508 
Chenodesoxycholic acid, 1346, 1414 
hypobromite oxidation, 1377-1378 
position of C 7 — OH group in, 1415 
Chitin, 1614 
Chitosamine, 1613, 1614 
Chloralglucose, 1700 
Chloramine-T, 902 
Chlorins, synthetic, 1312-1313 
Chloroacetanilides, rearrangement, 188 
Chlorocodides, 1222 
Chlorogenins, 1465-1466 
Chlorohydrins, ring contraction in Grig- 
nard reaction, 513 

Chloroiodomethanesulfonic acid, resolu- 
tion, 227 

Chloromorphides, 1222 
l-Chloro-2-naphthol, 151, 152 
Chlorophyll, 1260, 1293-1314 
allomerization of, 1304-1305 
carbocyclic ring in, 1301-1303 
configuration of, 1290 
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Chlorophyll, degradation by hydrogen 
iodide, 1299-1301 

dihydroporphyrin nucleus in, 1306- 
1308 

formyl group in, 1309-1311 
investigations of Conant, 1303-1305 
investigations of Willst fitter, 1297- 
1298 

nuclear structure, 1295 -1297 
partial synthesis, 1311-1313 
phase test, 1303 
pliytyl group in, 1298 
relation to hemin, 1314 
relation to organometallic compounds, 
578 

role in photosynthesis, 1314 
vinyl group in, 1305-1306 
Chlorophyll a, 1297-1308 
structural formulas, 1308 
Chlorophyll h, 1309-1311 
Chlorophyll derivatives, hydrochloric 
acid number, 1 295 

Chlorophyll porphyrins, 1274, 1289, 
1290, 1295-1297 

Chloroprene, emulsion polymerization, 
765 

neoprene from, 760 
Cholanic acid, 1361, 1412 
degradation, 1360-1361 
from bile acids, 1360 
from coprostane, 1350 
Chplatrienic acid, formation, 1350, 1351 
Choleic acids, 1421-1422 
Cholestadienes, 1394-1395 
Cholestane, chair types of configuration 
in, 1368-1369 

evidence in support of structure, 1369 
formation, 1350 
physical constants, 1370 
stereochemistry, 1367-1369 
Cholestanedione, 1355, 1356 
Cholestanedione pyridazine, 1355-1356 
Cholestanedionol, 1355, 1356 
Cholestanetriol, 1355, 1356 
Cholestanol, see Dihydrocholesterol 
Cholestanone, 1389 
hydrogenation, 1373, 1374 
Cholestene, by reduction of cholesteryl 
chloride, 1359 


Cholestene, structural formula, 1358 
A 4 -ChoIestene-3,6-dioI, 1385 
A 6 -ChoIestene-3,4-diol, 1385 
Cliolcstcnone, catalytic hydrogenation, 
1373 

from cholesterol, 1357 
A 4 -Cholestenone, 1390, 1393, 1394 
A 5 -Cholestenone, 1393 
Cholesterilene, 1394 
Cholestesol, 1392 

catalytic hydrogenation, 1349-1350, • 
1373 

Diels' hydrocarbon from, 1349, 1351 
occurrence, 1392 
old structure, 1346-1348 
oxidation with hypobromite, 1359 
reaction with phosphorus pentachlo- 
ride, 1375 

relationship of hydroxyl group and 
double bond, 1354-1358 
selenium dehydrogenation, 1349 
size of ring A and B, 1358-1360 
size of ring D, 1360-1361 
structure, 1346-1347 
Walden inversion, 1375-1377 
i-Cfiolesterol, 1383-1384 
Cholesteryl chloride, 1350, 1376, 1393 
Cholesteryl methyl ethers, 1383 
Cholesteryl p-toluenesulfonate, acetyla- 
tion, 1383 

react ion with methanol, 1383 
Cholestyl chlorides, 1376 
Cholic acid, dehydration, 1417 
dehydrogenation, 118, 1350-1351 
hypobromite oxidation, 1377-1378 
isolation, 1412, 1414 
12-ketocholanic acid from, 1354 
old structure, 1346-1348 
position of C 7 -OH group in, 1415 
structure, 1346-1347 
Chondrosamine, 1613 
Chromatographic analysis, purification 
of anthocyanins, 1325 
steroids, 1407 

Chromium compounds, 564-565 
Chromone, 1332 
Chromophores, 1788-1789 , 

Chrysene from natural products, 1348, 
1350, 1352, 1449, 1473 
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Ciba type resins, 732 
Cincholoiponic acid, 1 204 
Cinchona alkaloids, 1202-1208 
Cinchonine, 1202-1203 
Cinchoninic acid, 1203 
Cinchoninone, 1203, 1205 
Cinchotenine, 1205 
Cinchotoxine, 1205 

Cinnamic aldehyde, additions to, 675- 
681 

.Cinnamylcocaine, 1202 
Cinobufagin, 1449, 1451 
Circular dichroism, 288 
Circularly polarized light, 285-287 
Cis- and trans-el i m i nation, 1026 
Cis- and trans-migration, 1026-1027 
Cis-trans isomerism, 444-487 
definition, 444 
in azo compounds, 473^477 
in carbon-carbon double-bond com- 
pounds, 446-464 

in carbon-nitrogen double-bond com- 
pounds, 465-473 

in condensed ring systems, 484-486 
in cyclic compounds, 477-486 
in Diels-Alder reaction, 462-464 
in diphenoquinones, 446-447 
in ethylene series, 446 
in fused ring systems, 328, 484-486 
in heterocyclic compounds, 483-484 
in nitrogen-nitrogen double bond com- 
pounds, 473-477 
in oximes, 465^473 
in polyolefins, 464 
in terphenyls, 486-487 
types, 444-445 

Cis-trans isomers, azobenzene, 473-474 
determination of configuration in 
cyclic isomers, by absolute meth- 
od, 486-481 

by physical properties, 479 
by relation to optical isomers, 478, 
480-481 

determination of configuration in 
ethylene isomers, by chemical 
behavior, 459-462 
by kinetic studies, 452-453 
by physical properties, 449-452 
by relation to acetylenes, 460-461 
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Cis-trans isomers, determination of con- 
figuration in ethylene isomers, by 
relation to cyclic compounds, 447- 
449 

by relation to saturated compounds, 
461-462 

determination of configuration in 
oximes, by Beckmann rearrange- 
ment, 470-471 

by dipole-moment studies, 471 
by relation to cyclic compounds, 
467 470 

by restricted rotation, 471-472 
hydrogenation, 800-801 
interconversion of, in cyclic scries, 482 
in ethylene series, 453-459 
in oximes, 472 
Citraconic imide, 1264 
Citric iicid fermentation, 1662 
Citrulline, 1147 
Civetone, 105 

Claiscn rearrangement, 141, 149, 189, 
999 

Classification of sugars, Rosanoff meth- 
od, 1541-1544 

Claus formula for benzene, 124 
Cleavage, of cyclobutane ring, 101-102 
of cyclopropane ring, 101-102 
of diketones by hydrogen peroxide, 671 
of 1,3-diketones, 1070-1071 
of ethanes by alkali metals, 605, 610 
of unsymmetrical diarylmercury com- 
pounds, 1071-1072 
Clemmcnscn reduction, 644, 1357 
Coca alkaloids, 1198-1202 
Cocaine, 1198-1199 
Coeamine, 1202 
Codamine, 1219 
Codeine, 1221 
Codeinone, 1222, 1223 
Cold drawing, of polyacetals, 734 
of polyamides, 726 
of polyesters, 712, 717 
Colligative properties, definition, 1722 
Color, of dyes, 1981-1 983 
theories of, 1788-1793 
Color test, detection of organometaliic 
compounds by, 496-497, 518, 
525, 564 
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Color test I, organometallic compounds, 
496-497 

Color test II, organometallic compounds, 
525 

Color test. Ill, organometallic com- 
pounds, 664 

Columbium compounds, 561 
Comparison of chemical reactivity, 1032- 
1077 

Compensation, external and internal, in 
optical isomers, 233 
Competitive reactions, 1064-1072 
alkyl halides and silver nitrite, 1065- 
1066 

cleavage of 1,3-diketones, 1070-1071 
cleavage of unsymmetrical diaryl- 
mercury compounds, 1071-1072 
formation of cyclopropane derivatives, 
1065 

functional groups with Grignard re- 
agents, 501, 518 519, 553 
pinacolone rearrangement, 1066-1069 
pyridine and alkyl bromides, 1064-1065 
two alcohols or amines with phenyl 
isocyanate, 1069-1070 
Condensation, Friedliinder, 1254 
of carbonyl compounds, 648, 652-654 
of fluorides, 957 

of unsaturated compounds, cycliza- 
tion by, 75-76 

Condensation polymerization, 706-739 
Condensation polymers, definition, 702- 
703 

Condensed ring systems, cis4rans isom- 
erism in, 484-486 

Conductivities of organometallic com- 
pounds, 530-532, 565 
Configuration, octahedral, 222 
of sugars, notation, 1543 
optical, related compounds, 278 
planar, 222 
tetrahedral, 222 

Configurational isomerism of monosac- 
charides, 1535-1545, 1570-1572 
Configurational notation, 304-305 
steroids, 1372 
Conhydrine, 1179-1180 
7 -Coniceine, 1179 
Coniine, 1178 


Conjugate addition, see 1,4- Addition 
Conjugated compounds, comparison with 
benzene, 142 

Conjugated systems, 666-699 
addition of Grignard reagent, 506-507 
addition of halogen, 1001 
crossed, 689-692 
in cyclopropane derivatives, 102 
long, 693-699 
resonance energy of, 1917 
Conjugation, effect on molecular refrac-. 
tion, 1752 

unsaturation and, 631-700 
Constitution, and physical properties, 
1720-1805 

effect on properties, 1723-1724 
Constitutive properties, definition, 1722 
Convallatoxigenin, 1447 
Conyrine, 1178 
Coordinate bonds, 1827-1829 
Coordination complexes, 1866-1867 
with Grignard reagent, 509 
with organogallium compounds, 556 
with trimethylgold, 543 
Coordination compounds in organo- 
* metallic chemistry, 556 557 
Copolymerization, example, 705 
Copolymers, 757-758 
definition, 705 

methyl methacrylate and butadiene, 
757 

Copper chromite catalyst, preparation, 
788-789 

reduction of esters in sugar series, 
1591-1592 

Copper compounds, 542-544 
optical isomerism, 432-433 
Copper-ethylcnediamine cellulose, 1674 
Coprostane, saddle types of configuration 
in, 1368-1369 

evidence in support of structure, 1369 
formation, 1350 
physical constants, 1370 
st ereochemistry, 1 367-1369 
Coprostanol, sec Coprosterol 
Coprostanone, 1371, 1373-1374, 1390 
Coprosterol, dicarboxylic acids from, 
1370 

ctiocholanoloncs from, 1502 
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Cnprostcrol, formation, from cholesterol, 
1350 

from coprostanone, 1373 
molecular compounds, 1392 
occurrence, 1393 
oxidation, stepwise, 1361-1362 
Corpus luteum hormone, 1487-1489 
Cortin, 1511 
Cotarnic acid, 1220 
Cotarnine, 1213, 1220 
, Cotton effect, 288 
Coumarone polymer, 750 
Coupling reactions, addition-elimination 
mechanism, 196 
anthranols, 166 
aromatic amines, 191, 192 
decomposition of organometallic com- 
pounds, 543 

Grignard reagents, 508-509 
hindrance, 197-198 
hydrocarbons, 199 
naphthols, 148, 154 
phenanthrols, 161 
phenol ethers, 195 
phenols, 191, 192 

tertiary amines, 195 * 

Ullinann, 544 

Wurtz-Fittig, 508, 539-542, 544 
Covalence maxima, rule, 1829-1830 
Covalent bond, 1825-1827, 1948-1951 
ionic character, 1951 1952 
2-Co valent hydrogen, chelation, 1869 
examples, 1830 
in dyad systems, 1736 

2- CovaIent iodine, 1840 

3- CovaIent iodine, 1840 
Cracking, 27 

Creatine, 1111-1113, 1142 
Creatinine, 1112-1114, 1142 
Cross-linked polymers, 703 
swelling, 742 
Cross-linking, 719-720 
acrylate polymers, 752 
Cryptosterol, 1399 
Crystalite, 752 
Crystal radii of ions, 1888 
Crystals, asymmetric, 220 
Cumalinic acid, 1450 
Cumulative double bonds, 6G2-665 

Volume I, pages 1-1077 ; 


Cumulenes, C63 

Cuprammonium cellulose, 1674-1675 
Cupreine, 1208 
Cuprotenine, 1205 

Curtius rearrangement., 977-980, 988- 
990, 1004, 1013, 1022, 1021 
Cuscohygrine, 1189 
Cuspareine, 1208 
Cusparine, 1208-1209 
Cyanide radical, 616 
Cyanides, Nitriles 
Cyanidin, 1318 

a-Cyanocinnamic ester, addition of Grig- 
nard reagent, 691 

Cyanogen bromide, reaction with organic 
sulfides, 859 

Cyanogen bromide degradation, 1174- 
1175 

Cyanohydrin formation, rates, 1035- 
1038 

Cyanohydrin preparation of sugars, 1538 
Cyanohydrins, stability, 1036-1037 
Cyclic compounds, cis-tram isomerism, 
317, 477 -486 

intermediates in rearrangements, 973, 
976, 990 

optical isomerism, 315-336 
polymerization, 770-771 
Cyclic ketones from pyrolysis, 78-82 
Cyclic structure, effect on molecular 
refraction, 1752 

Cyclizatiun, by Bisehler-Napieralski re- 
action, 1213, 1216 
by Darzens reaction, 183 
by elimination of hydrogen halides, 
86-88 

by Freund reaction, 74-75 
by hydrogen fluoride, 958, 959 
Diels- Alder, 76-78 

formation of alicyclic compounds, 
74—96 

1,2-Cycloalkancdiols, reactions, 108-110 
Cyeloalkanediones, synthesis, 78-79 
Cycloalkanes, properties, 103-105 
Cycloalkanols, 107-108 
Cycloalkanoncs, properties, 105-107 
Cyclobutane, cleavage, 103 
Cyelobutanone, synthesis, 105 
Cyclodehydration, 92-93 
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Cyclohexane, boat or 0-form, 321 
chair or Z-form, 321 
saddle and chair forms, 70, 114 
Cyclohexaiiono-4-carboxylic acid, isom- 
erism of oxime, 467 
Cyclohcxene, 183 
Cyclooetatetraene, 120, 213 
unsaturated alicyclic nature, 112 
Cycloolefins, properties, 111-114 
Cyclopentadecanone, 105 
Cyclopentadiene, reactions, 7G— 77, 111- 
112 

Cydopeiitanedione-1 ,2, 140 
Cyclopcntanoperhydrophcnanthrene de- 
rivatives, see Steroids 
Cyclopropane, cleavage, 101-102 
reaction with hydrogen fluoride, 948 
Cyclopropane derivatives, formation in 
competitive reactions, 1065 
attempted syntheses, 100, 105 
p-Cymene, formation from camphor, 118 
Cysteic acid, 1132 
Cysteine, 1130-1136 
Cystine, 1130-1135 

D 

Daidzein, 1338, 1339 
Darzens react ion, 1 83 
steroids, 1526 
Dealkylation, alkanes, 20 
Deamination, semi-pinacolie, 1012 
Decalin, 147 

and derivatives, isomerism, 114-115 
Decker reaction, 1233 
Degradation, Barbier-Wieland, 1357 
von Braun, 1174-1175 
camphoric acids, 1013 
catalytic, 1174 
Emde, 1173-1174 
Hofmann, 1172-1173 
of desoxycholic acid, 1363, 1364, 1522 
ofhemin, 12G1-1263 
of lithocholic acid, 1361-1363 
of sugars, 1638-1662 
Wallach, 99 

Wieland (Barhier-Wieland), 1357 
Degree of polymerization, definition, 

741 


Dehydration, by hydrogen fluoride, 958 
in rearrangements, 985 
of sugars, methods, 1510-1541 
Dehydroandrosterone, 1503, 1506, 1509, 
1527, 1528 

7-Dehydrocholesterol, 1387, 1406-1407 
Dehydrocorticosterone, 1521 
Dehydrocyelization, alkanes, 28-30 
alkcnes, 28, 30 
catalyse, 28-30 
influence of chain length, 30 
mechanism, 31 
thermal, 27 

Dehydrodesoxycholic acid, 1363, 1364, 
1415 

Dehydroerg nsterol, 1410 
Dchydrofluorination, 957 
Dehydrogenation, catalytic, 25-27 
hydroaromatic compounds by disul- 
fides, 863 
mechanism, 27 
steroids, with bromine, 1417 
with mercuric acetate, 1404, 1410 
with palladium, 1350, 1408, 1479 
with platinum, 1402, 1489 
9 with selenium, 1349, 1350-1351, 
1353, 1354, 1403, 1408, 1410, 
1432, 1449, 1454, 1459, 1467, 
1474, 1526 
with zinc, 1473 
thermal^ 25 

with orgmiometftllic compounds, 537 
De hy dr ol urnistcrol , 1404, 1410 
Dehydroneoergosterol, 1402, 1476 
7-Dehydrositosterol, 1411 
Dehydrosterols, 1387, 1388, 1401 
7-Dehydrostigmasterol ,1411 
Delphinidin, 1318-1319 
Dcmjanow rearrangement , 96-97, 107 
Density, of alkyl fluorides, 951 
of organic compounds, 1741-1746 
Dephanthanic acid, 1440, 1441 
Derived sugars, 1617-1638 
Desoxybilianic acid, 1363, 1364 
degradation, 1418-1419 
Desoxycholic acid, 1346, 1354, 1414 
degradation, 1363, 1364, J522 
molecular compounds, 1421 
structure of acid C 13 II 20 O 6 , 1363-1366 
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Desoxycorticosterone, 1433, 1520, 1523- 
1524 

2-Desoxygluenuio acids, preparation, 
1631 

Desoxyphylh lerythrin, 1300 
2-Desoxystynicitol, 1633 
Desoxy sugars, 1631-1633 

2- , 1631 

3- , 1631-1632 
6-, 1632-1633 

a-Desoxy sugars in cardiac glycosides, 
1430 

Desoxyvasicine, 1251, 1255-1256 
Destructive distillation of cellulose, 
1699-1700 
Detergents, 886 
Deuterium, 1876 

Deuterium compounds, enolization stud- 
ies, 246 

optical activity, 302-304 
racemization studies, 246 
Deuterohemin, 1282 
Deuteroporphyrm, 1280, 1282 
Dewar formula for benzene, 125 
Dextro form, definition, 225 
Diacetoneglucose, establishment of struc- 
ture, 1557-1559 

Diacetyldeuteroporpliyrin, 1282 
Diacetylpseudoglucal, 1630 
Diacyl disulfides, 935 
Diacyl sulfides, 935 t 

9, 9-Dialkylbixanthyls, 608-609 
Diamines, and dibasic acids, polyamides 
from, 724-727 
Diaxylacylmethyls, 610 
Diarylalkylmethyls, 606-610 
Diarylamino radicals, 616 
Diarylcarboxymethyls, 611 
Diaryleyanomethyl radicals, 611 
Diary] disulfides, 619 
Diarylhydroxymetbyls, 612 
Diarylmethyls, 604 606 
Diarylnitrogen oxides, 618 
Diarylperoxides, 618-619 
Diastereoisomers, formation, 230 -232 
properties, 230 
relationship ^of, 229-230 
resolution by, 256-260 
Diazides, rearrangement, 978 


Diazoacetic ester, in chlorophyll studies, 
1306 

ring compounds from, 95-96 
Diazoami nobenzene, rearrangements, 

194 

Diazoamino compounds, rearrangement , 
993 

Diazo compounds, aliphatic, addition to 
unsaturated esters, 682-683 
mesomeric effects, 1913 
Diazoketones, optically active, rear- 
rangement, 1014 

Diazomethane, addition to ethylenie 
linkage, 642 

addition to quinones, 691 
decomposition, 983 
ring expansion by, 99-100 
Diazonium cations, electronic theory of 
addition to, 1907 

Diazonium compounds, aromatic, addi- 
tion to dienes, 670 
addition to a,/3-unsaturated esters, 
683 

curtrans isomers, 474-477 
in preparation of aromatic fluorides, 
950 

Diazonium fluorides, 950 
Diazonium salts, in preparation of organ- 
ic sulfides, 856 

in preparation of thiophenols, 844-845 
reaction with sulfinic acids, 918 
Diazotization in hydrofluoric acid, 950 
Dibasic acids, and diamines, polyamides 
from, 724-727 

polymeric anhydrides from, 735 
pyrolysis of salts, 78-82 
Dibenzal propionic acid, bromination, 690 

2.3.6.7- Dibenzanthracene, 603 
fi'n.-Dibenzanthracerie, 170 
Dibenzylbutadiene, 143 
1,2-Dibromides, rearrangement, 1002 
1,4-Dibromides, formation by rearrange- 
ment, 1001-1002 

6.7- Dibromotetralin, 139 
Dibromotyrosine, 1129 
Dieckmann reaction, 79-80, 89-91 
Dielectric constant, as factor in rear- 
rangements, 992 

of alkyl fluorides, 952 
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Diels’ acid, 1359, 1360 
Diels- Alder reaction, 165, 685-6S7 
nx-tram isomerism in, 462-464 
cyclization by, 76-78 
electronic theory, 1923 
formation of endocyclic bridges by, 1 1 1 
Diels’ hydrocarbon, from cardiac aglu- 
cons, 1432 

from cholesterol, 1349, 1351 
from digitalis saponins, 1454 
from gitogenin and sarsasapogenin, 
1459 

from lumisterol, 1403 
from pseud obufotalin, 1449 
from steroid alkaloids, 14G7 
from vitamin D2, 1410 
structure, 1349 
syntheses, 1352-1353 
Diene reactions, 1915-1916 
Dienes, 607-670; ,sce aho Alkadienes 

1.2- , 1911 

addition of alkali metals, 668 
addition to quinones, 691 
catalytic reduction, 801-802 
polymerization, 758-759 
by alkali metals, 762-763 
reduction, 667 

Diene synthesis, see Diels-Alder reaction 
Dienoid systems, 1,2-, 1911-1914 

1.3- , 1914-1919 
Diethylstilbestrol, 1484-1485 
Digigenin, 1447 

Digitalis sapogenins, 1454-1468 
C3 — OH group, 1460-1461 
C17 side chain, 1461-1464 
principal members, 1458 
ring nucleus, 1459 1460 
Digitalis saponins, 1456-1457 
Digit ogenin, 1466-1467 
Digitoic acid, 1466-1467 
Digitonides, insoluble, 1374, 1376, 1444, 
1455, 1460, 1467, 1480, 1490, 
1506, 1515, 1516 

Digitonin, 1374, 1455, 1456-1457 
7-Digitoxanol diacid, 1432, 1443, 1446 
Digit oxigenin, 1432, 1443 
Digitoxin, 1340, 1453 
Digoxigenin, 1444 
Digoxin, 1453 


9. 1 0- D ihyd roanihrace ne, 1 64 

1 .2- Dihydrobenzcne, t hermoehemistry, 

119 

l)i hydrocholesterol, dicarboxylic acids 
from, 1370 

formation, 1349, 1373 
glucoside formation, 1375 
Dihydrodiethylstilbestrol, 1484 footnote, 
1485 

17-Dihydroequileniiis, 1478, 1479 
17-Dihydroequilin, 1479 
22-Dihydroergosterol, 1406 
Dihydrofollicular hormone, see a-Estra- 
diol and /3-Estradiol 
Diliydrogitoxigenin, 1439 
mutarotation, 1445 
Dihydroglucal, 1633 
Dihydronaphthalenes, 156-158 

9.10- Dihydrophenanthrene, 161 
Dihydroporphyrin nucleus in chloro- 
phyll, 1306-1308 

Dihydrostrophanthidin, 1 437 
reaction with hydrogen cyanide, 1440 
Dihydrotaehysterol, 1406 
Dihydroxyacetone, conversion to glyeer- 
* aldehyde, 1641 

2.6- Dihydroxyanthraccne, bromination, 

166 

Dihydroxycholenie acid, 1417 
7,4'-Dihydroxyisoflavone, 1 338 

2. 3- Dihydroxy naphthalene, behavior on 

oxidation, 155 

2.6- Dihydroxynaphthalene, 154 

2.7- Dihydroxynaphthalcnc, 154 
Dihydroxyphenylalanine, 1128 
Dihydroxysapogenins, 1465-1 466 
4,4'-Dihydroxystill>eiie, 1484 
Diiodotvrosine, 1129 
7,12-Diketocholanic acid, 1371 
Diketones, cycloalkanediones, 78-79 

1.2- , 671 

cleavage by hydrogen peroxide, 671 

1.3- , cleavage competitions, 1070-1071 

1.4- , unsalurated, 693-696 
enolization, 1040-1041 

Diketonucidine, 1242 
Diketopiperazines, 1114, 1120 
Dilution effect, ltuggli, 707 710 
Dimerization, free radicals, 597 
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Dimerizing addition, metals to olefins, 
527, 54G 

organometallic compounds to olefins, 
537 

2.4- Di met hyl-3,5-dicarbethoxy pyrrole, 

1264 

2.4- DimethyI-3,5-diethylpyrroIe, 1265 
Dimethylglycine, 1115 
Dimethylnaphthalene, 1408 

2.4- Dimethylpyrrole, 1264, 1265 , 

■Dioscin, 1456, 1457 

Diose, structure, 1583-1584 
Diosgenin, 1464, 1465 
Diphcnoqui nones, cis-trans isomerism, 
446-447 

9,10-Diphenylanthracene, biradical, 604 

1 .4- Diphenylbutadiene, 142, 143, 157 
Diphenylchloromethan.es, rates of reac- 
tion with alcohols, 1055-1057 

a,a-Diphenylethylene, 175, 177, 179 
ff,/3-Diphenylethylene, 143 
Diphenylhexatriene, 143 
Diphenyliodonium salts, 1840 
Diphenylketene, addition to benzalace- 
tophenone, 677 

as rearrangement intermediate, 9^4, | 
980 

reaction with Grignard reagent, 514 - 
515, 664 

Diphenyloctatetraene, 143 
Diphenylpolyenes, 143 , 

Diphenylthiocarbanilide, 942 
Dipolar ions, amino acids, 1088^1090 
Dipole moments, 1752-1761 
alkyl fluorides, 952 
aromatic compounds, 139, 206 
calculation from rate data, 1030 
cis-trans isomers, 451 
factors for calculation, 1755 
oxime derivatives, 471 
relation to boiling point, 1736 
relation to structure, 1757-1760 
Dipyrrylbenzenes, optical isomerism, 377 
Di pyrrylmethencs, 1 267-1 270 
Directive influence, of polyfluoride 
group, 960 

of substituent groups, 202-212, 1975- 
1979 


Disaccharides, table of common, 1593 
Dispersion, abnormal, 292 
normal, 292 
of alkyl fluorides, 952 
rotatory, 288, 292-293 
Displacements, electromeric, 1842 
inductive, 1842 
Disproportionation, 1924 
free radicals, 498, 597 
organometallic compounds, 568, 572- 
576 

Dissociation, Grignard reagents, 517-518 
of carbon-carbon bond, 97-1 
to free radicals, energy of activation, 
592-593, 617 
hexaarylethancs, 587-595 
theories, 593-595 
Disulfides, organic, 861-863 
general characteristics, 861 
preparation, by alkylation of sodium 
disulfide, 862 

from alkyl halides and sodium 
thiosulfate, 862 

from mercaptans and thin phenols, 
861 

reactions, 862-863 
with halogens, 862-863 
with strong alkali, 863 
reduction, 843 
thiolsulfonates from, 907 
Disulfones, 883-884 
j Disulfoxides, 905, 912 
Disulfoxide structure of thiolsulfonic 
esters, 912 

Dithio acids, preparation, 931-932 
Dithiooarbamates, 938, 939 940 
Dithio esters, preparation, 932 
Divinylacetylene, 658 
Divinylbenzene, effect on styrene poly- 
mers, 748-750 

4,5-Di vinylcatechol, 155 
Divinyl ether polymer, 756 
Djenkolic acid, 1135 
Donaxine, 1228 

Double bonds, cumulative, 662-665 
twinned, 662-665 
Draft, 886 
Diene, 886 
I Dupiene, 760 


Disaccharides, structure, 1592-1603 
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Dyad systems, 1936-1937 
Dyes, color of, 1981-1983 
fluorine-containing, 963 

E 

Ecgonine, 1199, 1201, 1253 
Effective nuclear charge, 1824 
Electrolysis, organometallic compounds, 
563 

Electromeric displacements, 1842 
Electromeric effects, 1845-1847 
resonance, 1977 

Electromeric polarizabilities, 1847 
Electron affinity of free radicals, 609 
Electron diffraction, 1769-1774 
Elec troii displacements, 1840-1850 
Electronegativity, Pauling scale, 1854, 
1855 

series of radicals, 1072 
Electronic characteristics of typical 
bonds, 1883-1907 

Electronic concept, of rearrangements, 
1004-1027 

of valence, 1822-1941 
Electronic configurations, atoms, 1824- 
1825 

inert gases, 1825 
organic molecules, 1832-1839 
Electronic formulas, derivation, 1832— 
1834 

Electronic structures, atoms, 1944-1948 
Electronic symbols, 1834 
Electronic theory of aromatic substitu- 
tion, 205 

Electrophiles, 1859 

Electrophilic substituting agents, 1029, 
1031 

Electrostatic bond, 1948-1949 
Emde degradation, 1173-1174 
Emulsion polymerization, 742 
Enantiomorphs, interconversion, 264- 
281 

properties, 227 
separation, 254-264 

Endoanthracene maleic anhydride, 165 
Endocyclic bridges, 111 
Endoethylenic bridges, 686 
Enediols, 671, 1584 


Energy, of activation, free radicals, 
592-593, 617 

of dissociation, free radicals, 592-593 
Energy chain mechanism of polymeriza- 
tion, 773 

Enolic structure, sugars, 1584-1585 
Enolization, alkaline rearrangements of 
sugars, 1641-1646 
equilibria in, 1040-1041 
En temqn n- J ohnson series, relative reac- 
tivities of functional groups, 501 f 
504, 548 

Entropy of organic compounds, 1795- 
1798 

Enynes, 667-670 

Enzymes, free radical concept, 630 
Ephedra bases, 1176-1178 
Ephcdrine, 1176-1178 
Epi allocholesterol , 1 394 
Epichitosamine, 1613 
#ptcholesteroI, 1393 
j^pfcoprostanol, 1392 
Epicoprosterol, etiocholanolones from, 
1502 

from cholesterol, 1350 
Vrom coprostanone, 1373 
oxidative degradation to lithocholic 
acid, 1414 

Epidihydrocholesterol, 1373 
formation from cholesterol, 1349 -1350 
formation through Walden rearrange- 
ment, 1375 

glucoside formation, 1375 
oxidation, 1502 
Epimerization, 247 
steroids, 1373-1374 
sugar acids, 1640 
Epimcrs, definition, 1536 
synthesis, 1539-1540 
Epineoergosterol, molecular rotation, 
1378-1379 
Epoxides, 634-635 
from a,0-unsaturated ketones, 676 
Equilenin, 1478 

total synthesis, 1475-1476, 1477 
Equilibria, enolization, 1040-1041 
esterification and alcojiolysis, 1044- 
1046 

formation of acetals, 1046-1048 
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Equilibria, formation of semicarbazones, 
1049-1052 

Grignard reagents, 497, 503, 512, 514, 
517-518 

hydrogen cyanide with aldehydes and 
ketones, 1035-1038 
metathetical reactions, 1807-1808 
organometallic compounds, 497, 503, 
512, 514, 517-518, 545, 547, 551, 
572, 573 

1 redistribution reaction, 1807 
three-carbon tautomerism, 1041-1014 
Equilibrium constants, redistribution 
reaction, 1815 1818 
reliability, 1000-1002 
Equilibrium mixtures, random, i.809,1815 
Equilin, 1478-1479 
Equistanols, 1396 
Ergine, 1244 
Ergobasine, 1243 
Ergoclavine, 1244 
Ergocristine, 1243 
Ergoeristinine, 1243-1244 
Ergometrine, 1243 
Ergometrinine, 1243, 1245 
Ergonovine, 1243, 1245 
Ergosine, 1243, 1245 
Ergosinine, 1243, 1245 
Ergostadienetriol, 1402 
Ergostane, 1400 
Ergostanetriol, 1402 
Ergostnnol, 1392 
Ergosterol, 1399-1403 
irradiation products, 1403 
isomerization, 1403 
occurrence, 1399 
ozonizatinn, 1384 
structure proof, 1399-1402 
Ergostetrine, 1243 
Ergot, 1243 

Ergot alkaloids, 1243-1248 
Ergotamine, 1243, 1244 
Ergotaminine, 1243, 1244 
Ergothioneine, 1157 
Ergotininc, 1243, 1244 
Ergotocin, 1243 
Ergotoxine, 1^43 

Erlenmeyer synthesis, phenylalanine, 
1107 


Eschweiter reaction, hygrine, 1189 
Esere bean alkaloids, 1230 1234 
Eserethole, 1231 
Eserine, 1230-1234 
Eseroline, 1231 

Esterification, alcohols by hydrogen 
fluoride, 947 

equilibria and rates, 1044-1046 
mechanism, 1040 
Esters, doubly unsaturated, 697 
hydrogenolysis, 824-S25, 827-831 
inorganic, reaction with Grignard 
reagent, 508-510 
of sugars, 1606-1612 
reaction with Grignard reagent, 500, 
502-504, 508-510 
redistribution, 1809-1810 
tautomerism of unsaturated, 1041- 
1042 

a,/3-unsaturated, 681-685 
a-Estradiol, 1468, 1469, 1480, 1508 
jS-Estradiol, 1480 
Estrane, 1471 
Estrin, see Estrone 
Estriol, 1471-1475 

Estrogenic compounds, synthetic, 1484- 
1485 

Estrogenic hormones, 1469-1487 
assay, 1469 
color reactions, 1471 
content of urines, 1470 
from androgens, 1508 
isolation, 1470-1471 
occurrence, 1469-1470 
physiological relationships, 1486-1487 
principal members, 1472 
structure proof, 1473-1478 
Estrone, 1471-1475, 1478 
from dehydroneoergostcrol, 1476-1478 
Ethers, hydrogenolysis, 822 
optically active, rearrangement, 999 
phenolic, rearrangement, 997, 1023 
17-EthinylandrostenedioI, 1508 
17-Ethinyltcstosterone, 1497 
Ethionie acid, 904 
isolation, in nitration, 640 
17-Ethylandrostenediol, 1508 
Ethyl chloride, direct fluorination, 946 
Ethylene, polymerization, 742-743 
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Ethylene disulfones, cleavage by potas- 
sium cyanide, 916 

Ethylene oxides, intermediates in rear- 
rangements, 972 
rearrangement, 1017-1018 
Ethylene oxide sugar ring, 1681 
Ethylene succinate polyester, 716 
Ethylene sulfide polymers, 771 
Ethylenio double bond, 633-643; see also 
Alkenes and Olefins 
conjugation with nitrile, 687 
conjugation with nitro group, 687 
oxidation, 634-637 
reduction, 634 
relative reactivity, 683 
Ethylisopropylacet aldehyde, 1384, 1396 
Ethyl p-nitrocinnamate, 176 
Ethylpyrroporphyrin, 1290-1291 
0-Ethvlquinuelidine, 1204 
Ethyl radical, Cl 3-615 
o-Ethyltoluene, 118 
Etioa//obilianic acid, 1459 
Etioa/Zoehulane, 1499 
Etioa/Zocholanic acid, 1432 
Etioo/Zncholanolones, 1502 
Etiobilianic acid, 1361 
formation from sarsasapogenin, 1459- 
1460 

selenium dehydrogenation, 1474 
Etiocholane, 1499 
Etiocholanie acid, 1361, 1433 
Etiocholanone, 1361 
Etiocholyl methyl ketone, 1360-1361 
/3-Eucaine, 1202 
Exaltone, 105 

Exhaustive methylation, 1 172-1173 
Expansion of valence shell of sulfur, 885 

F 

Fatty acids, direct fluorination, 946 
Fenton degradation of sugars, 1541 
Fermentation, alcoholic, 1654-1660 
butyl alcohol and acetone, 1661-1662 
butyric acid, 1661 
by Acetobader suboxydans, 1662 
by Acetofjacier xylinum , 1662 
citric acid, 1662 
of cellulose, 1700 1701 
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Fermentation, of sugars, 1654-1662 
propionic acid, 1662 
xylose, 1662 

Ferric chloride, structure, 1876 
Fiber formation from linear polyesters, 
712 

Fischer chlorophyll degradation, 1299 
Fischer-Tropsch synthesis of hydrocar- 
bons, 791 
Flavamme, 1336 
Flavianic acid, 1143 
Flavone, 1332 
Flavones, 1331-1339 
as dyes, 1331 
degradation, 1334-1335 
natural occurrence, 1331 
properties, 1332-1334 
representative pigments, 1333-1334 
structure, 1331-1332 
synthesis, 1335-1338 
Flavonol, 1332 
Flavylium chloride, 1317 
Flavylium salts, L317 
Fluorides, aliphatic, 944-964 
analysis, 964 
applications, 962 
aromatic, 950 
atomic distances in, 962 
boiling points, 953 
density, 951 
dielectric constant, 952 
dipole moment, 952 
freezing points, 955 
history, 945 
parachor, 952 

physiological properties, 956, 959, 962 
preparation, 945-951 
refraction and dispersion, 952 
thermodynamic properties, 953 
viscosity, 951 

Fluorinating agents, 948-949 
Fluorination, 946-951 
by addition of hydrogen fluoride, 947 
by decomposition of a quaternary 
ammonium fluoride, 950 
by esterification of an alcohol, 947 
by substitution methods* 948 
direct, 946 

in the benzene ring, 950 
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Fluoroform, 949, 960, 961 
Follicular hormone, see Estrone 
Follicular hormone hydrate, see Estriol 
Follicusterone, 1478 
Formaldehyde, polymerization, 7G7 
Formaldehyde-melamine polymers, 730- 
731 

Formaldehyde-urea polymers, 727-730 
Formyl group in chlorophyll, 1309-1311 
Free energy, factors, 1797 , 

of hydrogenation, 1 802 
Free radicals, 581-630; see also entries of 
specific radicals 

addition to unsaturated compounds, 
599 

alkyl, 613-615, 1931 
amphoteric nature, 601 
aryl, 615 

as reaction intermediates, 385, 621-630 
color, 584, 586, 587 
detection, 561 
disproportionation, 498 
effect of unsaturation, 594, 610 
electrolysis, 601 
electron affinity, 609 
electronic structure, 585 
electronic theory, 1928-1934 
energy of activation, 592-593, 617 
energy of dissociation, 592-593, 617 
formation, in reaction of Grignan 
reagent and organic halides, 509 
in Wurtz-Fittig reaction, 539-542 
history, 582 
identification, 490 

in Gomberg-Bachinann reaction, 629 
in Grignard reaction, 624 
initiation of polymerization by, 774 
in oxidation and reduction, 599, 627 
in photochemical reactions, 625, 626 
in rearrangements, 973-988 
in thermal decompositions, 626 
in Wurtz-Fittig reaction, 622 623 
mechanism of peroxide catalysis, 775 
optical activity, 383-388 
optical isomerism, 587 
organometallic types, 567-572 
oxidation, rjcchanism, 627-628 
Paneth technique, 613-614 
quinoid structure, 586-587 
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Free radicals, reaction with metallic mir- 
rors, 544 

resonance, 586, 587, 1979-1981 
theories of formation by dissociation, 
593-595 

Free rotation, principle, 228 
Free valences, in rearrangements, 976 
Freezing points, of alkyl fluorides, 955- 
956 

Freon, 945, 949, 959, 961, 963 
Fresnel’s rhomb, 287 
Freund reaction, cyclization by, 74-75 
Friedel-Crafts reaction, 179-185, 641 
fluorides in, 963 
mechanism, 553 554 
preparation of sulfinic acids, 915 
preparation of sulfones, 875 
preparation of sulfoxides, 871 
preparation of thioamides, 934 
production of polymers by, 738 
Friedlfmder condensation, 1254 
Fries rearrangement, 998 
effect of chelation in, 1879 
sulfonates, 898 
Fries rule, 156, 160, 166 
d-Fruct.ofuranosc, 1602 
Fructose, tautomeric forms, 1586 
rf-Fructose, 1535, 1586, 1588 
keto - Fructose pentaacetate, 1579 
Fucosterol, 1398 
Fiilvenes, preparation, 112 
Functional groups, containing sulfur, 837 
relative reactivity, 501, 504, 5-48, 553 
Fungisterol, 1399 
Furanohexosides, 1626 
Furanose ring structure, establishment, 
1556-1563 

Furtonic acids, 1653^-1654 
Fused ring systems, ds-trans isomers in. 
238, 484-486 
classification, 328 
optical isomerism, 328-336 

G 

Galactose heptaacetate, 1577 
Galactose pcntaacetates, 1553, 1582 
Galacturonic acid, 1590-1591 
Galipine, 1208-1209 
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Galipoidine, 1208 
Galipoline, 1209 
Gallium compounds, 555, 556 
Gatnabufagin, 1152 
Gasoline, sweetening of, 852 
Geneserine, 1234 

Gentiobiose, synthesis, 1602-1603 
Geometrical isomers, rearrangement, 984 
Geometric isomerism, 444-487 
Germanium compounds, 557-558 
optical isomerism, 425 
Girard’s reagent T, 1470, 1511 
Gitogenic acid, 1465, 1467 
Citogenin, 1459, 1465 
Gitonin, 1456 
Gitoxigenin, 1444-1446 
Glaucine, 1256-1257 
Globin, 1260, 1289 
a-d-Glucopyranose, 1556 
Glucose, from cellulose, 1698 
Haworth formula, 1556 
tautomeric forms, 1585 
d-Glucose, structure development, 1533- 
1535 

synthesis from elements, 1537 
Glucose mere apt al, 1579 
Glucose oxime, 1540, 1580 
aldekydo-d-CAueoss pent aacet ate, 1575 
Glucose phenylhydrazone, 1536, 1579 
Glucose-3-phosphate, 1607 
Glucoside formation, steroids, 1375 
Glucuronic acid, 1587, 1590 
from oxycellulo.se, 1693 
Glutamic acid, 1115-1118 
Glutamine, 1116-1118 
Glycals, 1628-1631 
isomerizat ion, 1 630-1 631 
oxidation by perbenzoic acid, 1628- 
1629 

Glyceraldehyde, 1583-1584 
conversion to di hydroxy acetone, 1641 
resolution, 1544 

Glycerol, esterification by phthalic an- 
hydride, 703, 719 

Glycine and derivatives, 1109-1115 
Glycocyamidine, 1111, 1114 
Glycocyamine, 1110-1111 
Glycolaldehyde, 1583-1584 
Glycolcellulose, 1690 


Glycols, optically active, rearrangement, 
1015 

rearrangement, 968-972, 976; see also 
Pinaeol rearrangement 
Glycol-splitting reagents in sugar stud- 
ies, 1568-1569 
a-Glycosans, 1618-1621 
Glycose, definition, 1551 
Glycoseens, 1623-1628 
Glycosijles, 1551, 1572-1575; see also 
Cardiac glycosides * 

Clycuronic acids, 1587, 1590-1592 
Glyoxal polymer, 770 
Gnoscopine, 1221 
Gold compounds, 542-544 
Gomberg-Bachrnann binary system, 
MgX 2 + Mg, 503, 518; see also 
Magnesious halides 

Gombcrg-Rachmann reaction, mechan- 
ism, 629 
Gramine, 1228 
G rauatai li ne, 1 1 82 

Grignard reaction, abnormal, 1003, 1879— 
1882 

cyclization by, 93 
\nechanisin, 625 
rearrangements, 516-517 
Grignard reagents, 495-520; see also 
Mechanism of reactions 
abnormal reactions, 1003, 1879-1882 
1, 4-addition to aromatic compounds, 
li5 

addition to azornethines, 659 
addition to benzanthrone, 172 
addition to cinnamalacetophenone, 696 
addition to conjugated systems, 506- 
507 

addition to a-cyanocinnamic ester, 691 
addition to doubly unsaturated esters, 
699 

1, 6-addition to fuchsone analogs, 696- 
697 

1,4-addition to pentadieneones, 689 
addition to a,0-unsatumted aldehydes 
and ketones, 672-675 
addition to unsaturated 1,4-diketones, 
695-696 

addition to unsaturated nitro com- 
pounds, 688 


Volume I, pages 1-1077 ; Volume II, pages 1079-1983. 



INDEX 


XXXV 


Grignard reagents, addition toa,0-unsat- 
urated systems, electronic theory, 
1920 

analysis, 496-497 

bifunctional, polymeric alcohols from, 

737 

carbonation, 505-506 
characterization by isocyanates, 505 
cleavage by active hydrogen com- 
pounds, 499-500 , 

* cleavage by halogens, 500 
cleavage by hydrogen, 498-499 
competitive reactions with functional 
groups, 501, 518-519, 553 
coupling by iron halides, 567 
coupling reactions, 508-509 
dissociation, 517-518 
electronic theory, 1885 
equilibria, 497, 503, 512, 514, 517-518 
forced reaction, 674 
formation of free radicals in react ions, 
509 

ionization, 516-517 
mechanism of reactions, 1867 
oxidation, 507-508 
preparation from triaryl methyls, 59§ 
preparation of sulfmic acids, 915-916 
preparation of sulfoxides, 871 
reactions, with carbon dioxide, 505- 
506 

with carbon disulfide, 505, ^31 
with carbon oxysulfide, 931 
with carbonyl compounds, 640-647 
with chlorothioncarbonates, 933 
with esters, 500, 502-504, 508-510 
with inorganic esters, 508-510 
with inorganic halides, 510 
with inorganic salts, 51 0 
with isocyanates, 505, 1914 
■with isothiocyanates, 505, 934, 943 
with ketenes, 505, 514-515, 664, 1914 
with metals, 510 
with nitriles, 504, 661 
with nitrobenzene, 504-505 
with nitro group, 504-505 
with nitrosobenzene, 504 
with nitJjpsyl group, 504 
with non-terminal cumulated un- 
saturation, 505 
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Grignard reagents, reactions, with oxy- 
gen, 507-508 
with selenium, 508 
with sulfonates, 895-898 
with sulfones, 88 1 
with sulfonyl halides, 899-900 
with sulfur, 507-508 
with sulfur dioxide, 505 
with tellurium, 508 
with terminal cumulated unsatura- 
tion, 505 

with thiolsulfonates, 909 
with thionylamines, 505 
with unsat united sulfones, 884-SS5 
rearrangements, 1003, 1009-1011 
reduction by, 502, 514, 644, 646-647 
ring contraction, of alicydie oxides, 
512-514 

of chlorohydrins, 513 
use in chlorophyll synthesis, 131.3 
G uanidino-acct ic acid, 1110 
Guareschi’s imide, 84 
Guvacine, 1186 
Guvacoline, 1186 

H 

Halides, aliphatic, redistribution, 1810 
reaction of inorganic with Grignard 
reagent, 510 

Haloacylanilidcs, rearrangement, 994 
Halochromism, 671 

Halogen acids, addition to dienes and 
enynes, 669-670 

addition to el hylenic linkage, G38-639 
Halogen amides, rearrangement, 977 
Ilalogenation, alkanes, 32, 34-36 
alkenes, 40, 43 
alky nes, 46 

aromatic compounds, 179-185 
catalytic, 34, 40 
mechanism, 33-39, 41, 46 
naphthols, 151-152 
photo-, 35-36, 43, 46 
sulfonamides, IK) 1-902 
thermal, 32 

Halogen compounds, catalytic reduction, 
808-809 

hydrogenolysis, table of, 808 
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Halogen-metal interconversion reactions, 
538-539 

Halogens, addition to alkadienes, 44 
addition to alkenes, 38, 43 
addition to conjugated systems, 1001 
addition to dienes, 669 
addition to ethylenic linkage, 637-638 
addition to unsaturated 1,4-diketones, 
695 

reaction with organic sulfides, 858 
Hammarsten reaction, 1418 
Hnrmala alkaloids, 1228-1230 
Harmaline, 1228, 1230 
Harmalol, 1228 
Harman, 1229 
Harmine, 1228, 1230 
Ilarminic acid, 1228 
Haworth cellobiose formula, 1697, 1712 
Haworth glucose formula, 1556 
Heat, of activation, hexaaryletlianes, 593 
of combustion, calculation, 1798-1799 
constants for calculation, 1799 
of dissociation, hexaarylethanes, 592- 
593 

of formation of unsaturated hydro- 
carbons, 1797-1798 
of hydrogenation, 1039-1040 
benzene, 1918 
dienes, 1918 

hydrocarbons, 1801-1802 
olefins, 1918 
of reaction, 1796 

of vaporization, relation to entropy, 
1795-1796 

Hell-Volhard-Zelinsky reaction, sulfunyl 
chlorides, 900 
Hematinic acid, 12C2, 1266 
Hematoporphyrin, 1280, 1283 
Heme, 1260 

Hemiacctals from aldehydes, 653 
Hemin, chromic acid oxidation, 1262 
cleavage by hydrogen iodide, 1263 
degradation, 1261-1263 
products of acidic cleavage, 1266 
products of basic cleavage, 1264-1266 
pyrolysis, 1280 
relation to chlorophyll, 1314 
structural formula, 1261, 1284 
structure, 1284-1286 
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Hemin, synthesis, 1279-1284 
Hemipinic acid, 1212, 1215 
Hemlock alkaloids, 1178-1180 
Hemoglobin, 1260, 1289 
relation to organometallic compounds, 
578 

Hemopyrrole, 1263, 1265 
Hemopyrrole-carboxylic acid, 1263 
Heparin, 1609 

Heptanpse ring structure, 1582-1583 
Heroin, 1222 * 

Hesperidin, 1336 footnote 
Heterocyclic compounds, cu-trans isom- 
erism, 483-484 
resonance, 1974-1975 
structures of aromatic, 127 
Hetero-cnoid systems, 1909-1910 
Heteropolymer, definition, 705 
example, 757 

Hexaarylethanes, degree of dissociation, 
587-593 

effect of alkyl groups, 591 
effect of electronegativities of groups, 
593 

effect of resonance, 591 

Effect of solvent, 589 

effect of steric hindrance, 593, 594 

effect of substituents, 590 

effect of temperature, 589 

methods, 588-589 

Hexaaryltetrazanes, dissociation, 617- 
618 

Hexachlorocthane, reaction with anti- 
mony fluoride, 949 

Hcxarnethylbenzene, x-ray analysis, 123 
Hexamethylenetetramine, reaction with 
hydrogen sulfide, 925 
Hexaphenylcthanc, dissociation, 584 
heat of dissociation, 592 
Hexene, properties, effect of chain 
branching, 1724 
Hexestrol, 1485 
Hexuronic acid, 1633 1 634 
High-dilution principle of Ruggli, 707, 
710 

Hinsberg test, 898-899, 900-901 
Hippulin, 1478 ( 

Hippuric acid, 1110 
condensation with benzaldehyde, 1107 
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Hirsutidin, 1318-1319 
Histamine, 1156 
Histidine, 1151-1158 
Hofmann degradation, 1172-1173 
Hofmann rearrangement, 977-980, 989, 
1004, 1008, 1013, 1014, 1022 
Homatropine, 1195 
Homocaronic acid, synthesis, 95 
H mnocystine, 1 1 37-1 1 38 
Homohygrinic acid, 1189 
Homoisopilopic acid, 1249 
Homosteroids, 1526-1528 
Hordcnine, 1210 

Hormones, see under individual classes 
Hudson lactone rule, 1552-1553 
Hudson rule, for designating a, 0-isomers, 
1550 

of isorotation, 1551-1552 
Hy-car synthetic rubber, 760 
Hydantoic acids, 1095 
Hydantoins, 1094, 1106, 1108, 1114 
Hydramine fission, 1205 
Hydrastal, 1213 
Hydrastic acid, 1213 
Hydrastine, 1211 

Hydrastinine, 1211-1214 * 

Hydrastis alkaloids, 1211-1216 
Hydration, alkenes, 61 
Ilydrazide rule of Levene and Hudson, 
1553 

Hydrazine, addition to unsnturated 
aldehydes and ketones, 878 
Jlydrazobenzene, rearrangement, 976 
Ilydrazo compounds, catalytic reduction, 
814 

Hydrazones, catalytic reduction, 812 
table of, 813 
formation, 652 
reactions, 660 

Hydrides, metallic, 492, 524, 577 
organometallic, 558 
Hydrindenes, ring enlargement, 1353 
a-IIydrindone, 140 
Hydroaromatic compounds, 66 
Hydrobenzoin, rearrangement, 970, 

976 

Hydroberberine, 1215 
Hydrocarbons, alicyclic, 65-116 
aliphatic, reactions, 1-64 
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Hydrocarbons, aromatic, coupling, 199 
from sulfonic acids, 892 
structure and reactions, 117 -213 
direct fluorination, 946 
polymeric, 736-737 
Hydrocell ill asc, 1694 1696 
Hydrochloric acid number, chlorophyll 
derivatives, 1295 
Hydrocinchonidine, 1207 
Hydrocinchonine, 1207 
Ilydrocptarnine, 1213, 1220 
Hydrofluoric acid in diazotizations, 950 
Hydrogen, acidic, 533-538 
act ive, 533-538 
addition, sec Reduction 
1,6-addition, 693, 697 
2-eovalent, chelation, 1869 
examples, 1830-1831 
electroaffinity, 1830-1831 
Hydrogenation, see Reduction 
apparatus, 781-782 
aromatic compounds, 73 74 
catalysts for, 783-789 
catalytic, 634, 779-834, 1466 footnote 
1483 

definition, 780 
heat of, 1039-1040 
methods, 780-783 
role of catalyst in, 790-797 
with sodium and ethanol, 1466 foot- 
note 

Hydrogen bond, 1836 
detection by electron diffraction, 1770 
in amine hydrates, 1836 
Hydrogen chloride, addition to qui- 
nones, 691-692 

Hydrogen cyanide, addition to azometh- 
ines, 659 

addition to carbonyl compounds, 646 
addition to quinones, 692 
addition to unsaturated aldehydes and 
ketones, 678 

addition to unsaturated esters, 682 
rate of reaction with aldehydes and 
ketones, 1036-1038 

Hydrogen fluoride, addition reactions, 
947-948 

Hydrogen halides, addition to alkenes, 
39-43 
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Hydrogen halides, addition to alkynes, 47 
Hydrogen iodide, cleavage of hemin, 1263 
degradation of chlorophyll, 1299-1301 
Hydrogenolysis, 820-833 
acetals, 822-823 
acid anhydrides, 823 
alcohols, 820-821 
amides to amines, 831-833 
carbon-carbon linkages, 825-827 
definition, 780 
esters, 824-825, 827-831 
ethers, 822 

halogen compounds, 808-809 
imides, 824 
lactones, S24-825 
organometallic compounds, 833 
oximes, 811 

Hydrogen peroxide, action on unsat- 
urated carbonyl compounds, 676 
Hydrogen sulfide, addition to ethylenic 
linkage, 641 

addition to olefins, 842-843 
catalytic alkylation, 842 
reaction with aldehydes and ketones, 
924-925 

Hydrohydrastinine, 1212 
Hydrolysis, cellulose, 1668, 1694 
lactones, rate studies, 1565 -1567 
sulfenyl halides, 921-922 
sulfonamides, 90G-90 1 
thioesters, 843 
Hydroquinidine, 1206, 1207 
Ilydroquinine, 1206, 1207 
Hydroxamic acids, rearrangement, 977, 
980 

o-Hydroxyacetophenones, chelation, 140 
Hydroxy acids, polyesters from, 707-714 
3(0)-HydroxyaJZochoIanic acid, 1385 
17(a)-Hydroxyandrostane, 1515 
3-Hydroxycholanic acid, see Lithocholic 
acid 

3-Hydroxy cholenic acid, 1424 
9-IIydroxycodeine, 1224 
Hydroxyethylcellulose, 1690 
3-Hydroxyflavone, 1332 
Hydroxyglutamic acid, 1124-1125 
5-Hydroxyhydrindene, 137 
Hydroxylamine, addition to unsaturated 
aldehydes and ketones, 678 
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Ilydroxylamines, rearrangements, 978 
Hydroxylation, steroids with osmium 
tetroxide, 1479, 1517, 1522 
Hydroxylation theory, 56, 60 
Hydroxyl group, increase in acid strength 
in fluorides, 961 
Hydroxylysinc, 1141 
5-Hydr oxy-6-methylhydrindene, 138 
1 7 (jS)-Hydroxyprogestcrone, 1 523-1524, 
1525 

Hydroxyproline, 1125-1126 
3-Hydroxypyrene, 173 
1 7-f Tydroxysteroids, 1377 
7-Hydroxysterols, 1386 
Hygric acid, methyl ester, 1120 
Hygrine, 1188-1189, 1256 
Hygrine alkaloids, 1188-1190 
Ilygrinic acid, 1188-1189 
Hyodcsoxyeholie acid, a-, 1346, 1350, 
1414, 1415 

chromic acid oxidation, 1420 
j3-, 1414, 1415 
Hyoscine, 1197 
Ilyoscyamine, 1194 
Ilypaphorine, 1164, (227 
Hjpobromous acid, addition to ethylenic 
linkage, 640 

Hypochlorous acid, addition to ethylenic 
linkage, 640 

addition to unsaturated acids, 683-684 
Hypohalites, reaction with carbonyl 
compounds, 654 655 
Hypohalogen acids, addition to ethylenic 
linkage, 640 

I 

Imides, hydrogenolysis, 824 
Indene polymer, 756 
Indican, 1161-1162 
Indium compounds, 555 
Indole, 1161 

Indole derivatives, rearrangement, 974 
Indoxyl, 1161 

Induced displacements, 1842 
Inductive effects, 1842-1845 
in benzene ring, 1029 
Inductomeric polarizability, 1849-1850 
Inert gases, electronic configuration, 1825 
lume II, pages 1079-1983. 
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Infra-red absorption spectra, 1778-1783 
detection of chelation by, 1778-1783, 
1869 

Inhibition of polymerization, 773 
Inositol, optical isomerism, 336 -337 
Interatomic distances, 1767, 1771 
Intercon version, of organomet allic com- 
pounds, 555, 563, 572-576 
of syn- and ardi-oximes, 472 
Interfacial tension, 1740 
Internal pressure, 1738 
Inulin as polyacetal, 734 
Iodine, 2-covalent, 1840 
3-covalent, 1840 

Iodine monobromide, addition to ethyl- 
enic linkage, 638 

Iodine monochloridc, addition to ethyl- 
enic linkage, 638 
Todmnagnesium pinacolates, 613 
Ion-dipole bond, 1949 
Ionic bond, 1825-1827, 1834-1837, 1949 
Ionic mechanism of polymerization, 776 
Ionic reactions, 1804-1865 
Ionization of orgunomet allic compounds, 
516,517,575 % 

Utilization potentials of metallic atoms, 
532 

and relative reactivities of organ- 
ometallic compounds, 532-533 
Ions, crystal radii, 1888 
in rearrangements, 968-1004* 

Iron compounds, 566-567 
Iron-porphyrin complexes, 1260 
Isatropylcocaine, 1202 
Isethionic acid, 904 
IsooZfoprcgnanolone, 1493 
Isoamylaniliiie hydrobromide, rearrange- 
ment, 996 

Isoandrosterone, 1504, 1506, 1517 
Isobornyl chloride, from camphene hy- 
drochloride, 991 
Isobufocholanic acid, 1451 
Isobutylene, polymerization, 743 
Isocellobiose, 1698 
Isococamine, 1202 
Isocodeine, 1222, 1223 
Isocyanates, 665 
addition to, 665 
mesoraeric effects in, 1913 
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Isocyanates, reaction with Grignard re- 
agent, 505, 1914 

Isocyanides, electronic theory of addition 
to, 1907-1908 

Isodehydrocholest erol, 1386 
Isodesoxycort icost er one, 1 524 
Isodihydroxycholenic acid, 1417 
Isodurene, 199 

Isoelectric point of amino acids, 1087 

Tsoequilenin, 1476 

Isoequilin, 1479 

Lsoestradiol, 1479 

Isoflavoncs, 1338-1339 

Jsoglucal, 1630 

Isoglut amine, 1117 

Isohexyl methyl ketone from dihydro- 
cholcstcrol, 1384 
Isolithobilianic acid, 1361, 1362 
thermal decomposition, 1369-1370 
Isolithocholic acid, 14 M 
Isolysergic acid, 1246 -1247 
Isomerism, cU-trans, 219 
configurational, monosaccharides. 

1535-1545, 1570-1572 
geometrical, 219 
optical, 219-443 
stereo-, 219 

steroid group, 1367-1379 
struct und, 218 
types, 218 

Isomerization, alkadienes, 6-7 
alkanes, 2 -3 
alkapolyenes, 8 
alkenes, 4-5 
alkyl fluorides, 957 
alkynes, 8-9 
catalytic, 2-6, 8, 9 
ergosterol, 1403 
glycals, 1630-1631 
in vapor phase, 997 
mechanism, 6, 7-8 
sugars, 1638-1662 
thermal, 4, 9 
Isomers, chain, 218 
cu-trans, 444 
classification, 218-219 
comparison of physical properties, 
1723-1724 

cyclic compounds, 315-336, 477-486 
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Isomers, definition, 218 
functional group, 219 
geometrical, 444 

a,/3-, in sugars, designation, 1550 
nucleus, 218 

optical, freezing points, 249-250 
properties, 227-228 
rotation, 290-304 
solubility, 251-253 
position, 219 
tautomers, 219 
Isomorphines, 1222 
Isonicotinic acid, 1228 
Isopellet ierine, 1184 
Isoperiplogenic acid, 1438 
Isopilocarpi dine, 1250 
Isopilocarpine, 1249-1250 
Isopilopic acid, 1249 
Iso-A 5 -pregnenolone, 1508 
Isoprogesterone, 1494, 1508 
Isopropyl acetaldehyde, 1399 
Isopyrovitamin D 2 , 1410 
j3-Isoquinine, 1200 
Isoquinoline, 153 
Isorotation, Hudson rule of, 1551 — 
1552 

Isosaceharinic acids, 1646 
Isosapogenins, 1 462-1 463 
Isosarsasapogenin, 1464 
a-Isostrophanthic acid, 1436, 1437 
a-Isostrophanthidic acid, 1436, 1437 
reduction, 1438 
0-Isostrophanthidic acid, 1438 
Isostrophanthidin, 1 436 
Isothiocyanatcs, 943 
reaction with Grignard reagent, 505 
Isothiocyanic acid, 939 
Isothiouronium salts, 841 

J 

Jaborandi alkaloids, 1248-1250 
K 

KekuI6 formula for benzene, 121, 134 
Kendall's compound H, 1516, 1518 
Ker synthetic rubber, 764 
Ketals from acetylenes, 658 
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Ketazines, catalytic reduction, 812 
table of, 813 
Ketenes, 663-665 
mesomeric effects in, 1913 
polymerization, 664 
reaction with Grignard reagent, 505, 
514-515, 1914 
Ketiinines, 658 659, 661 
catalytic reduction, 812 
12-Ketoeholanic acid, from cholic or 
desoxycholic acid, 1354 
from reduction of dehydrodesoxycholic 
acid, 1363, 1364 
3-Ketocoprostane, 1371 
0-Ketoesters, enolization, 1041 
17-Ketoestrogens, hydrogenation, 1480 
fceto-Fructose pentaacetate, 1579 
Ketohexoses, 1533 
Ketones, acetylenic, 672 footnote 
addition of organometallic compounds, 
500 

catalytic reduction, 805-807 
cycloalkanones, 105-107 
hydrogenation, table of, 806 
optically active, from rearrangements, 
1015 

oxidation, 655-657 

rates of semicarbazone formation, 
1049-1052 

reaction with hydrogen cyanide, 1037- 
1038 

reaction with mercaptans, 849 
reduction, 643-644, 805-807 
ar,/3-unsaturated, 672-681 
Ketonization of phenols, 120 
Ketoses, 1586-1587, 1588-1589 
Ketose synthesis by biological method, 
1587 

7-Ketosterols, 1386 

Ketoximes, Beckmann rearrangement, 
1026 

syn-anli forms, 465 
Ketyls, metal, 612-613 
Kharasch theory, addition of hydrogen 
fluoride, 948 

Kiliani cyanohydrin reaction, 1538 
Kinetic studies, cis-trans corners, 452- 
453 

redistribution reaction, 1818-1820 
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Knecht’s compound, 1678 
Knoevenagel reaction, cyclization by, 93 
Knorr’s pyrrole, 1264 
Koenigs and Knorr reaction, 1575 
Kojic acid, 1624 
Kolbe synthesis, 201 
mechanism, 1882 
Koproporphyrins, 1289 
Koroseal, 754, 760 
Kryptopyrrole, 1263, 1265-1 268^ 

, Kryptopyrrole-carboxylic acid, 1263 
Kynurenic acid, 1160-1162 
Kymirenine, 1160-1161 

L 

Lactam formation, 1013 
Lactic acid, optical isomerism, 225 
Lactoflavin, 1617 
Lactol, definition, 1557 
Lactone rule of optical rotation, 1552- 
1553 

Lactones, hydrogenolysis, 824-825 
y- and 5-, in sugar scries, 1563-1568 
rates of hydrolysis, 1565-1567 
reduction, 1539 * 

Lactone studies in sugars, 1563-1568 
Lactonization of aldonic acids, 1538 
Lactose, 1593 

Ladenburg formula for benzene, 122 
Lagodesoxycholic acids, 1414, 1424 
Lanostcrol, 1392 
Lanthanum compounds, 554 
Laudanine, 1219 
Laudanidine, 1219 
Laudanosine, 1219, 1256-1257 
Lead compounds, see Organolead com- 
pounds 

Lead tetraacetate, oxidation of sugars, 
1569 

Legal's test, 1434, 1445, 1449 
Lepidine, 1203 
Lethane, 942 

Leucoanthocyanidi ns, 1330 
Levo form, definition, 225 
Levoglucosan, from cellulose, 1699-1700 
preparation 1622 

Levulinic acid, mechanism of formation, 


Liebermann-Burchtird reaction, 1391 
Liebermann react ion, 1418, 1449 
Light, circularly polarized, 285-287 
monochromatic, 282 
nature of, 281-282 
plane-polarized, 282-284 
Lilligenin, 1466 
Linear polyazines, 736 
Linear polyesters, 710-718 
Liquid ammonia reactions, addition of 
metals to olefins, 529, 516 
diphenylgermanium and sodium, 569 
electrolysis of organomercury halides, 

568 

metalation, 537 

organotin halides and sodium, 559, 

569 

Lithium compounds, see Organolithium 
compounds 

Lithobilianic acid, 1361, 1362 
thermal decomposition, 1369 1370 
Lilhocholic acid, 1346, 1414, 1416 
degradation, 1361-1363 
formation from cpicoprosterol, 1414 
Lobelanine, 1256 

Lobry de Bruyn interconversion reaction, 
1586 ' 

Loiponic acid, 1201 
Lophophorine, 1210 

Losscn rearrangement, 977-980, 1001, 
1013, 1022 
Loturine, 1229 
Lucite, 752 

Lumisterol, 1298, 1403-1404 
Lysergic acid, 1245-1247 
Lysine, 1138-1141 
Lysuric acid, 1140 

M 

Macromolecules, definition, 702 
Magnesious halides, 599, 613; see also 
Binary system 

Magnesium compounds, see Grignard 
reagents 

Magnetic criterion for bond type, 1956- 
1958 

Magnetic moment, resonance, 1956 
Mahuang, 1176 


TT-I T 





1NDKX 


\lu 


Maleic acid from oxidation of benzene, 

133 

Maleic anhydride, adducts with steroids, 
1395, 1400, 1408 
polymer with styrene, 757 
Malonic ester, 1,4-, 1,6-, and 1,8-addi- 
tion of, 698 

addition to af,0-unsaturated carbonyl 
compounds, 679 

Maltose, determination of structure, 
1596-1598 

Malvidin, 1318-1319 
Manganese compounds, 566 
Marinobufagin, 1449 
Markownikoff rule, 638-639, 657 
addition of hydrogen fluoride, 947, 957 
addition of sulfur compounds to ole- 
fins, 851-852 

applied to cyclopropane, 102 
Masurium compounds, 566 
Mechanism of reactions, 1,4-addition, 
1881 

addition of Grignard reagent to a,i 5- 
unsaturated carbonyl compounds, 
672-673 

addition polymerization, 771-778 
alcoholic fermentation, 1654-1660 
alkylation of alkanes, 21-24 
aromatic substitution, 174-213 
bromination, addition-elimination 
mechanism, 179-182 
Cannizzaro reaction, 630 
coupling, addition-elimination mech- 
anism, 196 

dehydrocyclization of alkanes, 31 
dehydrogenation of alkanes, 27 
esterification, 1044-1046 
fermentation, alcoholic, 1654-1660 
formation of cellulose xanthate, 1684- 
1685 

formulation of, 1860-1863 
free-radical concept, 621-630 
Friedcl-Crafts reaction, 179-185, 553 - 
554 

Gomberg-Bachmann reaction, 629 
Grignard reaction, 1867 
free radicals, 625 

Grignard reagent, and acid chlorides, 
501-502 


Mechanism of motions, Grignard re- 
agent,, and alkyl sulfonates, 509 
and esters, 502-504 
and ketenes, 514-515 
halogenation of aliphatic hydrocar- 
bons, 33-39, 41, 46 

isomerization of aliphatic hydrocar- 
bons, 6, 7-8 

isomerizations and degradations of 
sugars, 1638-1662 
Kolbe synthesis, 1882 
levulimc acid, formation, 1638-1639 
mcthoxymethylfurfural, formation, 
1639 

muscle metabolism, 1660 
nitration, of aliphatic hydrocarbons, 
49, 51, 53 

of benzene, addition-elimination 
mechanism, 175 
osazones, formation, 1536 
oxidation, 56-57, 1858 
and reduction, 627-628 
of free radicals, 1863 
polymerization, 11-12, 16, 771-778 
of formaldehyde, 767-768 
rearrangements, see Rearrangements 
redistribution reaction, 1818-1820 
reduction, 1858 
bimolecular, 643-644 
of olefins by metals, 529 
Reformjatsky reaction, 548 
Reimer-Tiemann reaction, 1882 
ring contraction by Grignard reagent 
512-514 

thermal decompositions, 626-627 
Walden inversion, 269-281 
Wurtz-Fittig reaction, 539-542, 623 
Meconin, 1212, 1220 
Meconinic acid, 1212 
Meerwein-Ponndorf method, 1390, 1466 
footnote 
Melamac, 731 
Melamine, 730 

Melamine-formaldehyde polymers, 730- 
731 

Melanin, 1128 
Melibiose, 1593 
Melting points, 1727-1732 


alternations, 1 728 1 730 
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Melting points, calculation, 1731 
correlation with structure, 1727 
effect of halogen substituents, 1730- 
1731 

Melville, molecular sandwiches, 758 
Menthol, 70-71 
Me reap! ah, 849 
of sugars, 1562, 1575 
Mercaptans, 839-844, 846-852; .see also 
Sulfhydryl compounds » 
addition to olefins, 850-851 
preparation, 841-844 
by addition of hydrogen sulfide to 
olefins, 842 

by alkylation of metal hydrosulfides, 
841-842 

by catalytic alkylation of hydrogen 
sulfide, 842 

by hydrolysis of S-alkylthiouronium 
salts, 841 

by hydrolysis of thioesfers, 843 
by reduction of disulfides, 843 
reactions, 846-852 
with aldehydes and ketones, 849 
with alkali, 846 , 

with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 851 

with organomctallic compounds, 852 
with oxidizing agents, 851-852 
with a,#-unsaturated carbpnyl com- 
pounds, 850 
solid derivatives, 895 
tests for, 852 
Mercaptides, 846-847 
reaction with alkylating agents, 854- 
855 

Mercaptols, 849 
Mereapturie acids, 1135 
Mercerization of cellulose, 1669, 1672 
Mercurials, aromatic, from sulfinie acids, 
918 

Mercuric acetate, methoxy-, addition to 
ethylenic linkage, 642 
Mercury compounds, see Organomereury 
compounds 
Meroquinem^ 1204 
Merthiolate, 847 
Mescal alkaloids, 1209-1211 


Mescaline, 1210 
Mesitylene, 132, 199 
Mesomeric effects, 1848 
aliphatic diazo compounds, 1913 
azides, 1914 
isocyanates, 1913 
ketenes, 1913 

Mesomeric polarization, 1847-1848 
Mesoporphyrins, 1262, 1279 
Metahemipinic acid, 1217 
Metalation, 533-538 
Metaldehydc, 654 

Metal-halogen interconversion reactions, 
538-539 

Metal halyls, 541 
Metal ketyls, 612-613, 1932 
Metallic atoms, ionization potentials, 532 
Metallic bond, 1948 
Metallic hydrides, 492, 524, 577 
Metals, interchange in organornetnllic 
compounds, 546 

react ion with Grignard reagent, 510 
Metasaccharinic acids, 1646 
Metathetical reactions, equilibria, 1807- 
1808 

Meteloidine, 1198 

Methene syntheses, anomalous, 1284- 
1286 

Methionic acid, 904 
Methionine, 1 1 36-1 1 38 
Methoxy indenes, 135 
Methoxymethylfurfural, mechanism of 
formation, 1639 

Methylaniline, rearrangement, 188, 976 
Methyl ation of glycosides, 1554 
Methyl cholanthrcne, formation, 1354, 
1355 

1-Methylchrysene from neopregneno- 
lone, 1526 

Mel hylconhydrinone, 1 179-1 1 80 
N-Methylconiine, 1180 
Methylene radical, 616 
Methylephedrine, 1176 
1-MethylestradioI, 1508 
Methylethylmaleimide, 1263, 1265 
Methyl fluoride, 948 
a- Methyl-d-glueoside, 1546 
/3-Methyl-d-glucoside, 1546 
7 -Methylglucoside, preparation, 1562 
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a-Methylglutaric acid from desoxycholic 
acid, 13G6 

Methylgranatanine, 1182 
N-Methylgranatnnine, 1181 
Mcthylisopclletierinc, 1 184 
Methylisopropylacetaldehyde, 1384, 

1401 

Methylisoquinoline, 153 
Methyl methacrylate, copolymer with 
butadiene, 757 
polymers, 750-753 
Methylmorphenol, 1221-1222 
Methylmorphimethiiies, 1223-1224 
Methylmorphol, 1222 
l-Methyl-2-naphthol, 152 
4-Methyl-l-naphthol, 148 
Methyloses, 1632-1633 
Methylpseudoephedrine, 1176 
Methyl radical, 613-615 
Methyl rubber B, 764 
Methyl sulfate, methylation of sugars by, 
1554, 1594 

Methyl vinyl ketone polymer, 756 
Meyer and Mark, x-ray structure of 
cellulose, 1712-1713 

Meyerhof and Kiessling mechanism of 
alcoholic fermentation, 1657-1660 
Meyer reaction, 558 

Michael reaction, 87, 92, 102, 679-680, 
681-682 

1,4-addition in, 696 
1,6-addition in, 699 
sulfones, 882 - 

Microstructure of cellulose, 1716-1718 
frans-Migration, 1026-1027 
Migration aptitude, 1067-1068 
in rearrangements, 969, 978, 1030-1031 
Migration of substituents in sugar 
derivatives, 1611-1612 
Mills-Nixon effect, 136-140 
Mirror-image relationship, 221, 224-225, 
229 

Molecular compounds, bile acids, 1421- 
1422 

sterols, 1391-1392 

Molecular-orbital method, resonance, 
1956 

Molecular rearrangements, see Rear- 
rangements 


Molecular refraction, 1751-1752 
effect of conjugation, 1752 
effect of cyclic structure, 1752 
effect of unsaturation, 1751 
exaltation, 1751-1752 
factors for calculating, 1751 
Molecular rotation, 285 
sterols, 1378 

Molecular sandwiches of Melville, 758 
Molecular volume, 1743 
Molecules, asymmetric, 221 
Molyt>denum compounds, 564 
Moment of momentum, 1026 
Monoacetoneglucose, establishment of 
structure, 1557-1559 
Monoaceto negl ucose-5 , 6-car bonat e, es- 
tablishment of structure, 1559 
Monohy droxysapogenins, 1 464 
Monosaccharides, classification, 1533 
configurational isomerism, 1535-1545 
definition, 1533 

Monosulfones, reactions, 877-879 
Morphine, 1221, 1227 
Morphothebaine, 1225 
Mufonic acid, 133 
reduction, 144 
Mucoproteins, 1609 
Multiple bonds, 1900-1907 
resonance, 1958-1959 
Muscle metabolism, mechanism, 1660 
Museonc, f05 
Mustard gas, 850, 860-861 
Mustard oils, 943 
Mutarotation, 305-307 
aldehydo-sug&T acetates, 1576-1577 
configurational changes, 305-307 
of sugars, interpretation, 1546-1547 
kinetics, 1547-1548 
mechanism, 1548-1549 
reversibility, 967 
structural changes, 306-307 
Mycosterols, 1398-1411 
Myosminc, 1193 

N 

Naphthaeene, 169 
Naphthacenequinone, 171 
Naphthalene, 145-160 


Volume I, pages 1-1077 ; Volume II, pages 1079-1983. 



INDEX 


xlv 


Naphthalene, Friedel-Craft.s reaction, 162 
reduction, 145 
structure, 1971-1973 
thermochemical data, 157 
Naphthenes, 70 
a-Naphthol, 145-147 
0- Naphthol, 133, 146, 148 
Naphthol carboxylic acids, 201 
Naphthols, coupling, 148, 154 
etherification, 149 
halogenation, 151, 152 
a-Naphthoqui n one, 159 
0-Naphthoquinone, 158, 159 
1,4-Naphthoquinone, 156 
Naphthoylbenzoic acid, 156 
0-Naphthyl allyl ether, 149 
a-Naphthylamine, 14G 
0-Naphthylamine, 146, 148, 149 
Narcotine, 1220-1221 
Negative groups, activating effect, 632 
Neoarsphenamine, 919 
Neoergosterol, 1401-1402 
molecular rotation, 1378-1379 
Neopentane, chlorination, 1008 
Neopentylamine, rearrangement, 967, 
1007 * 

Neopentyl chloride, preparation, 1008- 
1009 

Neopentyl group, rearrangement, 1007 
Ncopine, 1226 
Neoprene, 760 
Neoprogesterone, 1497, 1526 
Neosalvarsan, 919 
Neotigogenin, 1464 
Neriantigcnin, 1447 
Netting agents, 750 
Netting effect, 750 
Neutralized systems, 1910-1911 
Nickel, Raney, preparation, 788 
Nickel catalyst, preparation, 787-7S8 
Nickel compounds, optical isomerism, 
440 

Nicol prism, 283-285 
Nicoteine, 1193 
Nicotimine, 1193 
Nicotine, 1190-1193 


Nitogenin, 1464 

Nitration, addition- elimination mecha- 
nism, 175 
alkanes, 48-51 
alkencs, 51-53, 175-178 
alkynes, 53 
anthracene, 176 
aromatic compounds, 175-179 
catalytic, 51, 52 
electrochemical, 53 
liquid phase, 50 
mechanism, 49, 51, 53 
mcmosubslituted benzenes, 1029 
vapor phase, 48 49 
Nitric acid, addition to alkencs, 51 
addition to ethylcnie linkage, 639-640 
Nitriles, 600-661 

addition of hydrogen sulfide, 933-934 
catalytic reduction, 809-SI 0 
conjugation with ethylenic linkage, 687 
electronic theory of addition to, 1907 
hydrolysis, 660 

intermolecular addition under influ- 
ence of organometallic com- 
pounds, 661 

reactions, with Grignard reagent, 504, 
661 

with mercaptans and thio phenols, 
851 

reduction, 661, 809-810 
table of, 810 

tautomerism of unsaturated, 1041- 
1043 

a,0-unsaturated, 087-688 
1-Nitroanthraccne, 168 
9-Nitroanl hracene, 176 
Nitrobenzene, reaction with Grignard 
reagent, 504 

Nitrocellulose, 1077-1679 
Nitro compounds, catalytic reduction, 
815-817 

optical activity, 388-392 
reduction, table of, 816 
a,0-unsaturated, 688 
Nitrodihydroanthranol, 176 
0-Nitroethyl alcohol, 175 
0-Nitroethyl nitrate, 175 
Nitrogen compounds, optical isomerism, 
401-419 


Nicotinic acijJ, 1185, 1190-1191 
Nicotyrine, 1191-1192 
Ninhydrin reaction, 1099, 1162 
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Nitrogen compounds, pent aalky 1,529-530 
trivalent, optical isomerism, 401-413 
Nitrogen oxides, addition to alkenes, 52 
addition to dienes, 670 
Nitrogen tetroxide, addition to ethylenic 
linkage, 642 

Nitrogen trioxide, addition to ethylenic 
linkage, 642 

Nitro group, addition of alk oxides, 662 
conjugation with ethylenic linkage, 687 
reaction with Grignard reagent, 504- 
505 

reduction, 661-662 
Nitrosation, 191 

Nitrosobenzcne, reaction with Grignard 
reagent, 504 

Nitrosyl chloride, addition to ethylenic 
linkage, 642 

Nitrosyl group, reaction with Grignard 
reagent, 504 
N orarecaidi ne, 1186 
Norareeoline, 1186 
Noratropine, 1198 
Norcamphor, synthesis, 77 
Norcaradiene carboxylic acid ester, 134 
Norephedrine, 1176 
Norequilenin, 1481 
Noreslrane derivatives, 1481-1484 
Norestrone, 1481 
Norharman, 1234-1235 
Norhydrastinine, 1213 
Norhyoscyamine, 1198 
Normal addition, hydrogen sulfide to 
olefins, 842 

sulfur compounds to olefins, 851 
Normal sugars, 1555 
Normann compound, 1674 
Nornicotine, 1193 
Noroxyhydrastinine, 1215 
Norpinic acid, synthesis, 84-85 
Norpseudoephedrine, 1176 
Nortr opine, 1198 

Notation, configurational, 304-305 
a,/3-isoraers in sugars, 1550-1551 
optical isomerism, 230 


Nuclear charge, effective, 1825 
Nucleophiles, 1859 
Nullpunktsvolume, 1741-1743 
Nylons, 726 

O 

Octahedral elements, 222 
optical isomerism, 434^438 
Octahydroestrone, 1499 
Octamethylporphyrin, 1272, 1273 
tt-Octane derivatives, physical constants, 
1723 

Octopine, 1148 
Odd molecules, 1928 
Oieandrin, 1446 

Olefins, see also Alkenes arul Ethylenic 
double bond 

addition of hydrogen sulfide, 842-843 
addition of hypohalous acids, 1925 
addition of mercapf.ans and Ihiophe- 
nols, 850-851 
addition of metals, 1932 
direct fluori nation, 946, 947 
electronic theory of addition to, 1904r- 
1 1906 

polymerization, 527-529 
polymers from, 740 756 
reaction, with sulfur chloride, 855- 
856 

with sulfur dioxide, 875-876 
reduction by metals, 526-529 
Oligosaccharides, definition, 1533, 1592 
from cellulose, 1696-1699 
One-electron bond, 1960-1961 
Opianic aciil, 1212, 1220 
Opium, 1216 

Opium alkaloids, 1216-1227 
Oppenauer method, 1357, 1388, 1489, 
1495, 1506, 1523 
Opsopyrrole, 1263, 1268, 1269 
Opsopyrrole-carboxylic acid, 1263 
Optical activity, 220-221; see also 
Optical isomerism and Optical 


sugar configurations, 1543 
Novocaine, 1202 
Nucidine, 1241 
Nucine, 1240-1241 


rotat ion 

amino acids, 1085-1087 
carhanions, 388-397 
carboriium ions, 397-400 
due to molecular structure, 221 
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Optical activity, during rearrangements, 
399-400, 981-984, 987-990 
free radicals, 383-388 
fundamental concepts, 220 
of crystals, 220 

of free radicals in rearrangements, 987 
organometallic compounds, 560 
theories, 289 

Optical isomerism, 220-433; see ako 
Optical activity <uul Optical rota- 
tion 

allenes, 337-340 
amine oxides, 417-419 
arsenic compounds, 426-432 
beryllium compounds, 432-433 
biphenyls, 347-370 
bipyridyls, 374 
bipyrryls, 375 
boron compounds, 432-433 
complex compounds, 434-438 
copper compounds, 432-433 
cyclic compounds, 315-336 
five-membered rings, 320 
four-membered rings, .317-320 
six-membered rings, 320-327 
three-membered rings, 316-317 
dipyrrylbenzenes, 377 
fused ring systems, 328-336 
germanium compounds, 425 
inositol, 336-337 
nickel compounds, 440 
nitro compounds, 388-392 
nitrogen compounds, 401-419 
octahedral elements, 434-438 
of elements other than carbon, 400-443 
palladium compounds, 433, 440-441 
phenyl earbazoles, 376 
phenylpyrroles, 375-376 
phenylquinones, 374 
phosphorus compounds, 425-426 
planar elements, 438-443 
platinum compounds, 434, 441-443 
polyphenyls, 370-374 
quaternary ammonium salts, 413-417 
selenium compounds, 423-424 
silicon compounds, 401 
spiranes, 340-343 
sulfilimines, 422-423 
sulfinic esters, 421 
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Optical isomerism, sulfonium salts, 419- 
421 

sulfoxides, 421-422 
sulfur compounds, 419-423 
tellurium compounds, 424 
terpheriyls, 370-373 
tin compounds, 424-425 
zinc compounds, 432-433 

Optical isomers, number of, 237 

Optically active alcohols, rearrangement, 
1000 

Optically active alkyl halides, rearrange- 
ment, 988 

Optically active amides, rearrangement, 
983 

Optically active amino alcohols, rear- 
rangement, 987 -988 

Optically active diazoketones, rear- 
rangement, 1014 

Optically active ethers, rearrangement, 
999 

Optically active glycols, rearrangement, 
1015 

Optically active ketones, from rear- 
rangements, 1015 

Optically active pinacols, rearrangement, 
1023 

Optically active radicals, in rearrange- 
ments, 1022 

Optically active sulfinic esters, rear- 
rangement, 999-1000 

Optical rotation, see also Optical activity 
and Optical isomerism 
and association, 293 
and concentration, 298 
and dissociation, 295 
and structure, 296-298 
in steroid group, 1378-1379 
and temperature, 290-291 
and wavelength of light, 291-293 
factors influencing, 290-304 
molecular, 285 
solute, nature of, 2984101 
solutions, 293-295 
solvent, nature of, 298-301 
specific, 285 

sugars, measurement by maximum 
solubility method, 1550 
rules, 1551-1553 
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Optical stability, of ions, 989 
of tricovalent groups, 1023 
Optoohin, 1208 
Orbital wave function, 1945 
Organic sulfur compounds, 835-943; see 
also under individual members 
Organoalkali compounds, 524-542 
Organoaluminum compounds, 553-554 
Organoantimony compounds, 562-563 
Organoarsenic compounds, optical isom- 
erism, 426-432 

Organobarium compounds, 546-547 
Organoberyllium compounds, 545 
Organobismuth compounds, 562-564 
Organobismuth radicals, 571-572 
Organoboron compounds, 552-553 
Organooadmium compounds, 548-549 
Organocalcium compounds, 545 547 
addition to benzalacetophenone, 675 
Organochromium compounds, 564-565 
Organochromium radicals, 572 
Organocolumbium compounds, 561 
Organocopper compounds, 542-544 
Organogallium compounds, 555, 556 
Organogermanium compounds, 557-558 
optical isomerism, 425 
Organogermanium radicals, 569, 572 
Organogold compounds, 542-544 
Organoindium compounds, 555 
Organoiron compounds, 566-567 
Organolanthanum compounds, 554 
Organolcad compounds, 560-561 
redistribution, 1811-1813 
Organolead radicals, 570-571 
Organolithium compounds, 524-525, 
538-539 

addition to azomelhines, 659 
addition to carbonyl group, 647 
in halogen-metal interconversions, 
538-539 

Organomagnesium compounds, see Grig- 
nard reagents 

Organornanganese compounds, 566 
Organomasuriura compounds, 566 
Organomercury compounds, 549-552 
competition in cleavage, 1071-1072 
redistribution, 1810-1811 
Organomercury radicals, 568, 572 
Organometallic ammines, 553 
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Organometallic compounds, 489-580 
addition reactions, 498, 500-507, 511- 
512, 515, 526, 528-529, 545-546, 
550 

analysis, 496-497, 500 
cleavage, by halogen acids, 519-520, 
560 

by halogens, 500, 519 
color test I, 496-497 
color test II, 525 
color test III, 564 
conductivities, 530-532 
detection, 496-497, 525, 564 
electrolysis, 568 
hydrogenolysis, 833 
interconversion, 572 576 
optical activity, 560 
preparation of sulfinic acids, 915 
pyrolysis, 570-571 

quantitative estimation, 496-497, 500 
radioactivity, 560-561, 575 
reaction with mercaptans and thio- 
phcnols, 852 

redistribution of halides, 1812-1813 
redistribution of R„M types, 1810- 
# 1812 

relative reactivity, 494, 510, 518-524, 
525, 530-535, 545-546, 552 
thermal stability, 521, 542-544, 551, 
562, 569, 575 

Organometallic hydrides, 558 
Organometallic radicals, 567-572 
Organomolybdenum compounds, 564 
Organopalladium compounds, 567 
Orgarioplatinuin compounds, 567 
Organopolonium compounds, 565 
Organopotassium compounds, addition 
to benzalacetophenone, 675 
Organorhenium compounds, 566 
Organoscandium compounds, 554 
Organosilver compounds, 542-544 
Orga nostrontium compounds, 546-547 
Organotantalum compounds, 561 
Orga nothallium compounds, 555-556 
Organothallium radicals, 568-569 
Organotin compounds, 558 559 
optical isomerism, 424-4^5 
Organotin radicals, 569-570, 572 
Organotitanium compounds, 557 
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Organotungsten compounds, 564 
Organouranium compounds, 564 
Organovanadium compounds, 561 
Organoyttrium compounds, 554 
Organozinc compounds, 547-548 
reaction with a,|3-unsaturated alde- 
hydes and ketones, 675 
Organozirconium compounds, 557 
Orientation, and substitution in benzene 
ring, 202, 1029, 1975 , 

effect of chelation, 1878-1879 
effect of polyfluoride group, 960 
Ornithine, 1143, 1146-1147 
Ornithuric acid, 1146 
Orthanilic acid, 187 
Orthoacetates, 1610-1611 
Osazones, mechanism of formation, 1536 
Oscine, 1197 

Osmic acid, see Osmium tetroxide 
Osmium tetroxide, hydroxylation of 
steroids, 1479, 1517, 1522 
Ostreasterol, 1395 
Ouabagenin, 1447 
Oxalic acid from cellulose, 1673 
Oxidation, aldehydes, 655-656 
alkanes, 55 * 

alkenes, 59 
alkynes, 62 

amino acids, 1 1 00-1 1 02 
and reduction, in rearrangements, 987, 
1005, 1012, 1022 f 
mechanism, 1926-1927 
benzene, 133 

by Acetobacier suboxydans , 1662 
by Acctobacter xylinum, 1662 
by chromic acid, 636 
by hydrogen peroxide, 635 
by lead tetraacetate, 635 
by oxidants other than oxygen gas, 
58, 62 

by ozone, 636-637 
by permanganate, 635 
by silver iodobenzoate, 635 
carbonyl compounds, 655-657 
catalytic, 58, 61 , 637 
cellulose, 1691-1694 
electronic jnechanism, 1858 
ethylenic linkage, 634-637 
free radicals, mechanism, 627-628 
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Oxidation, Grignard reagent, 507-508 
mechanism, 56-57 

mercaptaus and thiophenols, 851-852 
resistance of fluorides to, 956, 960 
sugars, 1649-1654 
by hypobromite, 1651-1652 
in acid media, 1019-1651 
in alkaline media, 1651-1654 
sulfinic acids, 917-918 
thermal, 55, 59 

thioaldehydcs and thioketones, 927 
thiolsulfonates, 910 

Oxidation-reduction potentials, 159, 
1038-1039 

22,23-Oxidoergostcrol, 1411 
Oxime-nitrone t automerism, 1 936 
Oximes, catalytic reduction, 81 1 
chelate derivatives, 1873 
cis-trans isomerism, 465-473 
formation, 652 
hydrogenolysis, 81 1 
reactions, 660 
rearrangements, 979, 984 
syn- and anti-, interconversion, 472 
Oxo-Diels’ acid, 1360 
Oxonium salts, 1317, 1333 
stability, 1836 
Oxonium theory, 1317 
Oxyberberine, 1214, 1215 
Oxycellulose, 1691-1694 
Oxygen, reaction with Grignard reagent, 
507-508 

Oxyhydrastinine, 1215 
Ozonolysis, acetylenes, 657 
benzene, 133-134 
double bonds, 636-637 

P 

Palladium black, preparation, 785-787 
Palladium catalysts, colloidal, prepara- 
tion, 783 

supported, 786-787 
Palladium compounds, 567 
optical isomerism, 433, 440-441 
Palladium zeolites, 787 
Palladous oxide, preparation, 786 
Paneth technique, applied to organomo 
tallic compounds, 544, 554, 561 
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Paneth technique, free radicals, 613-614 
Papaveraldine, 1217 
Papaverine, 1217-1219 
Papaverinic acid, 1217 
Papaverinol, 1216 
Para bond formula for benzene, 124 
Parachor, 1744-1746 
calculation, 1744 
constants for calculation, 1746 
in fluorides, 952 

relation to critical volumes, and col- 
lision areas, 1745 

relation to nullpuukts volume, 1742 
Paraformaldehyde, mechanism of forma- 
tion, 767-768 
Paraldehyde, 654 

Paramagnetic measurements, free rad- 
icals, 591 

Paramagnetism of organic radicals, 1760- 
1761 

Parasaccharinic acids, 1646 

Partial valence, 128, 666 

Pauling electronegativity scale, 1855 

Peganine, 1250 

Pegene-9, 1250 

Pelargonidin, 1318 

Pelleticrine, 1183 

Pellote, 1209 

Pellotine, 1210 

Pentaalkyl nitrogen compounds, 529-530 
Pentaarylethanes, 605 
Pentaarylethyls, 607 
Pcntadieneones, 689-690 
Pentad systems, 1940 
Pentahydroxybufostane, 1425 
Pentamethylbenzene, 199 
Pentasulfides, 864 

Pentoses, structure determination, 1541- 
1542 

Peonidin, 1318-1319 
Pepper alkaloids, 1180-1181 
Perbunan rubbers, 765 
Perhydrodiphenic acids, 1359 ffjotnote 
Periodic acid, action on cellulose, 1693 
oxidation of sugars, 1568-1569 
Periodic table, 520, 1826 
Periplogenin, 1443 

Perkin method of preparing alicyclic 
compounds, 82-86 
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Perkin synthesis, 651 
Peroxidation theory, 56, 60 
Peroxide effect, 41-^2, 47, 63D, 642, 657, 
1915, 1926 

Peroxides, triarylmethyl, rearrangement, 

975 

Peroxide systems, 1924-1928 
2,5-Peroxido-A 3 -cholestene, 1395 
Perrier compounds, 184 
Petroleum refining, fluorides in, 963 
Pettenk ufer reaction, 1418 
Peyotl, 1209 

Phase test, clilorophyll, 1303 
Phenanthrcne, 160-162 
bromination, 179-182 
Friedel-Crafts reactions, 161 
resonance structure, 1971-1973 
sill form I ion, 161 

Phenanthrene dibromide, 162, 180-182 
9,10-Phenanthrenequinone, 161-162 
2-Phenanthrol, coupling, 161 
Phenol-aldehyde polymers, 731-732 
Phenol ethers, coupling, 195 
Phenolic esters, rearrangement , 998 
Phenols, aldehyde condensation, 201 
d-alkylation, 201 
coupling, 191, 192 
from sulfonic acids, 892 
ketonization, 120 
reactions, 185-202 
with Jhiolsulfonates, 910 
a-Phenylacrylic acid, from tropic acid, 
1194 

Phenylalanine, 1127 

1- Phenyl-4-aminobutadiene, 145 
Phenyl azide, addition to ethylenic 

linkage, 642 

addition to quinones, 691 

2- Phenylbenzopyrone, 1332 
2-Phenylbenzopyrylium chloride, 1317 
Phenyloarbazoles, optical isomerism, 376 
Phenylhydrazinc, addition to a,p-unsat- 

urated carbonyl compounds, 678 
Phenylhydrazones, formation, 652 
Phenylhydroxylamine, rearrangement, 

976 

Phenyl isocyanate, competitive reac- 
tions of two alcohols or amines, 
1069-1070 
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rhenylnaphthophenazonium chloride 
167 

Phenylpyrroles, optical isomerism, 375- 
376 

Phenylquinones, optical isomerism, 374 
Phenylsulfamic acid, 187 
Phenyltliiyl radical, 619 
l-Phenyltriazolone-5-eartmxylic acid, 185 
Pheophorbide a, 1299, 1311 
Pheoporphyrin an, 1299, 1311-1312 
*Phloroglucinol, 146 
Phosphocreatine, 1113 
Phosphonium bases, electronic theory, 
1838 

Phosphoric esters of carbohydrates, 
1606-1608 

Phosphorus compounds, optical isomer- 
ism, 425-426 

Phosphorus pentachloride, addition to 
cinnamalacetophenone, 696 
addition to dienes, 670 
reaction with aldehydes and ketones, 
655 

reaction with unsaturated ketones, 680 
Phosphorus trichloride, reaction with 
un saturated ketones, 680 * 

Photochemical activation, organortetal- 
lic compounds, 544 545 
Photochemical reactions, free radicals in, 
625 

Photosynthesis, action of chlorophyll in, 
1314 

role of organometallic compounds, 578 
Phototropy, 905 

Phthalio anhydride-glycerol polymer, 
703, 719 

Phthalimide reaction, synthesis of a- 
amino acids, 1105 
Phthalocyanin, 1 288 
Phthalocyanines, structure, 1877 
Phyllochlorin, 1307 
Phylloerythrin, 1301, 1311 
Phylloporphyrin, 1296, 1301 
Phyllopyrrole, 1263, 1265, 1268, 1269 
Phyllopyrrole-carboxylic acid, 1263 
Physical properties and constitution of 
organic compounds, 1720-1805 
Physiological properties, organometallic 
compounds, 576-577 
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Physnst igmine, 1230-1234 
Physostigmol, 1231 
Phytochemical synthesis, 1330 
Pliytol, ester with propionic acid in 
chlorophyll, 1298 
Phytosterols, 1396-1398 
Phytyl group, in chlorophyll, 1298 
Picene, from cholic acid, 1352 
a-Picolinic acid, 1178-1179 
Pigments, plant, 1316 
plastid, 1316 
Pilocarpidine, 1250 
Pilocarpine, 1248-1250 
Pilopic acid, 1249 

Pinacolone rearrangement, sec Pinacol 
rearrangement 

Pinacol rearrangement, 968-972, 975- 
977, 985, 1005, 1012, 1015, 1023, 
1030 

cyclization by, 97-98 
Pinaeols, inigrational aptitudes, 1067- 
1068 

optically active, rearrangement, 1023 
steroid, 1388, 1401, 1410 
Piperic acid, 1181 

Piperidine, rates of reaction with alkyl 
bromides, 1057-1058 
reaction wifh diazoniura compounds, 
951 

Piperine, 1180-1181 
Piperonylic acid, 1 181 
Pivot, bond, 344 
Planar elements, 222 
optical isomerism, 438-443 
Plane of symmetry, 224 
Plant pigments, 1316 
Plastid pigments, 1316 
Platinum black, preparation, 785-786 
Platinum catalysts, colloidal, prepara- 
tion, 783 
supported, 785 
Platinum compounds, 567 
optical isomerism, 434, 441-443 
Platinum dioxide, preparation, 784 
Plexiglas, 752 

Poisoning of catalyst, definition, 796 
Polarimeter, 284-285 
Polarimetry, 281-290 
electromeric, 1847 
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Polarimetry, induct omeric, 1849-1850 
Polarizability, 1841 
sulfone group, 880 
Polarization, 1841 
mesomerie, 1847-1848 
Polaroid films, 284 
Polonium compounds, 565 
Poly acetals, 734 
Polyamides, 702, 721-727 
from amino acids, 722-724 
from diamines and dibasic acids, 724- 
727 

Polyamines, 735-736 
Polyazines, linear, 736 
Polybasic acids, and polyhydric alcohols, 
polyesters from, 714-721 
Polydentate chelate rings, 1877-1878 
Polyenes, addition of maleic anhydride, 
686 

phenyl at ed, 693 
Polyenoid systems, 1914-1919 
Polyesters, 702, 707-721 
from glycerol and phthalic anhydride, 
703 

from hydroxy acids, 707-714 
from polybasic acids and polyhydric 
alcohols, 714-721 
linear, 710-718 
Polyether resins, 736 
Polyet hylenc glycols, 771 
Polyfluorides, 959-961 
Polyglucosans from cellulose, 1698 
Polyhomologous series, 739 
Polyhydric alcohols, and polybasic acids, 
polyesters from, 714—721 
Polyisobutylene, 743, 700 
Polymer, definition, 702 
Polymeric alcohols, 737 
Polymeric alkyl silicon oxides, 738 
Polymeric anhydrides, 735 
Polymeric hydrocarbons, 736-737 
Polymerization, acetaldehyde, 653-654 
acetylene, 658 

acrylic acid derivatives, 750-753 

aldehydes, 767-770 

alkadienes, 14 

alkenes, 12 

alkyncs, 18 

catalysts for, 741 
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Polymerization, catalytic, 12-15, 17, 18 
cyclic compounds, 770-771 
definition, 10, 702 
degree of, definition, 741 
dienes, 758-759 
ethylene, 742-743 
ethylenie hydrocarbons, 641 
formaldehyde, -.767 
ionic mechanism, 776 
isobutylene, 743 
ketenes, 664 

mechanism, 11-12, 16, 771-777 
olefins and their derivatives, 740-750 
olefins by metals and organometallic 
compounds, 527-529 
organogermanium compounds, 572 
photo-, 18-19 
steps in, 772 
styrene, 743-750 
thermal, 12, 15, 18 
vinyl esters, 753-756 
Polymers, cross-linked, 703 
hcad-to-head, tail-to-tail type, 745, 
753 

head-to-tail type, 753, 756 
heat-convertible, 714 
hefst-non-convertible, 714 
sulfur analog of polyoxymethylene, 
925 

synthetic, 701-778 
three-dynensional, 703, 714, 718-721 
Polyolefins, cis-lrans isomerism, 464 
Polyoxymethylenes, 702, 767-770 
Polyphenyls, optical isomerism, 370-374 
Polysaccharides, definition, 1533 
Polystyrene, 741, 743-750 
molecular size, 741 
Polysulfides, organic, 864-866 
general characteristics, 864 
preparation, 864-866 
from organic sulfides, disulfides, 
and polysulfides, 865 
from sodium polysulfides, 865-866 
from sulfhydryl compounds, 864- 
865 

reactions, 866 
Polysulfones, 765-767 
Polythene, 743 
Polyvinyl acetals, 755 
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Polyvinyl acetate, 754-755 
Polyvinyl alcohol, 755 
Polyvinyl chloride, 702, 754 
Polyvinyl halides, 753 
Polyvinylidene chloride, 754 
Polyynes, rearrangement, 1011 
Pomegranate alkaloids, 1181-1184 
Porphin ring, structure, 1877-1878 
Porphyria, 1289 
Porphyrin nucleus, 1270 1278* 
fine structure, 1286-1289 
Porphyrins, chemistry of, 1259-1292 
from chlorophyll, 1295-1297 
NHN bridges, 1288 
N-isomers, 1287 
nomenclature, 1272 footnote 
syntheses, 1267, 1272 
Porphyrinuria, 1289 
Positive halogen compounds, oxidation 
of mercaptides by, 854-855 
Potentials, ionization, metallic atoms, 
532 

oxidation-reduction, 159, 1038-1039 
p-qui nones, 1039 

Predissociation in rearrangement Pjech- 
anisms, 974, 1004 

Preferential reactions, organometallic 
compounds, 579 
Pregnane, 1489 
Pregnane derivatives, 1490 
Pregnanediols, 1491-1492, J407 
Pregnanediones, 1491-1492 
Pregnanctriols, 1493, 1494 
Pregnene derivatives, 1495 
Pregnenolone, 1491 
A 6 -Pregnenolone, 1528 
A 5 -Pregnenolone acetate, 1526, 1527 
Prism, Fresnel, 287 
Nicol, 283-285 

Progesterone, 1468, 1487-1489, 1514, 
1526 

assay, 1487 
isolation, 1488 

physiological relationships, 1496—1498 
preparation, 1506-1507 
structure, 1488-1489 
Progressive pairing of quadrants, 1274 
Proline, 1118-1121, 1146 
Propionic acid fermentation, 1662 
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Propylene oxide, rearrangement, 075 
Propylene oxide sugar ring, 1582 
Proteins, definif ion, 1 080 
hydrolysis, 1079-1080 
Protochlorophyll, 1314 
Protoglucal, 1030 

Proton shift in rearrangements, 1006 
Protoporphyrin, 1260, 1283-1284 
Protosinomenine, 1257 
Protropic shift, in rearrangements, 1021 
Pseudoasymmetry, 235 
Pseudobufotalin, 1449 
Pseudococaine, 1201 
Pscudocodeine, 1222, 1223 
Pseudocodeinoue, 1222, 1223 
Pseudoconhydrine, 11 SO 
Pseudoconiceinc, 1180 
Pscudocumene, 132 
Pseudnephedrine, 1176-1178 
Pseudoergot ini ne, 1244 
Pseud ohyoscyamine, 1198 
Pseudo ionic reactions, 1865-1867 
Pseudoopianic acid, 1215 
Pseudopelletierine, 1181 1182, 1253 
Pseudosapogeni n, 1 462-1 463 
Pseudostrophanthidin, 1439 
Pseudotropine, 1197, 1200 
Psicain, 1201 
Punicinc, 1183 

Purdie methylation of sugars, 1554 
Pyranohexosides, 1626 
Pyranose ring structure, establishment, 
1.553-1556 
Pyrazoles, 135 
rearrangement, 974 
Pyrazolines, pyrolysis, 94-96 
Pyrene, 172 

Pyridine and alkyl bromides, competitive 
reactions, 1004-1065 
Pyrocalciferol, 1404, 1410 
Pyroisulithobilianic acid, Clemmensen 
reduction, 1369 

Pyrolithobilianic acid, Clemmensen re- 
duction, 1369 

Pyrolysis, determination of stability by, 
1063 

hemin, 1280 

organometallic compounds, 570-571 
pyrazolines, eyclization by, 94-96 
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Pyrolysis, salts of dibasic acids, 78-82 
sulfonium hydroxides, 869 
sulfonium salts, 8G8-S69 
thioaldehydes and thioketones, 928 
7 -Pyrone, 1331-1332 
Pyrroetioporphyrin, 1296 
Pyrroles, alkylation, 1265 
rearrangement, 976 
Pyrrolidonecarboxylic acid, 1116, 1117 
Pyrroporphyrin, 1274, 1290, 1291, 1296 

Q 

Quaternary ammonium bases, electronic 
theory, 1838 

Quaternary ammonium fluorides, 950 
Quaternary ammonium salts, optical 
isomerism, 413-417 
Quebrachine, 1234 
Quercetin, synthesis, 1336-1338 
Quinaldine, 153 
Quinic acid, 1203 
Quinidine, 1207 
Quinine, 1202, 1205 
Quininie acid, 1206 
Quininone, 1205 

Quinoid structures, anthocyanidins, 1317 
footnote 

electronic theory, 1922-1924 
Quinones, 689 
addit ion reactions, 691-692 
oxidation-reduction potentials, 159, 
1039 

Quinovic acid, 1203 
Quinuclidine, 1203 
Quitenine, 1205 

R 

Racemic acids, resolution, 259 
Racemic bases, resolution, 260 
Racemic compounds, 248 
in liquid state, 253 
Racemic mixture, 248 
Racemic modifications, 240-263 
definition, 225 

determination of nature, 249-253 
formation, 240-248 
mechanical mixture, 248 
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Racemic modifications, methods for dis- 
tinguishing, 249-253 
freezing-point method, 249-250 
solubility method, 251-253 
molecular compound, 248 
properties, 248-254 
resolution, 254-264 
solid solutions, 249 
Racemic solid solution, 249 
Racemizatfon, 241-248 
amino acids, 1093-1095 
by physical means, 241 
enolization and, 244-246 
(trigmird reagents, 516 
in rearrangements, 967, 982, 984, 1022 
kinetics of, 243 
mechanism, 241 -242 
tautomerization and, 243 
thermal, 242 

R:wlical reactions, 1863-1864 
Radicals, see Free radicals 
series by cleavage of organometallic 
compounds, 519-520, 560 
Radioactive chloride ions, effect on re- 
« arrangements, 994 
Raman effect, 1774-1791 
Raman shifts, for characteristic linkages, 
1777 

value in structure determination, 
1775-1776 

Random distribution, 1808-1809, 1815- 
1818 

Random equilibrium mixtures, composi- 
tion, 1815-1818 
Raney nickel, preparation, 788 
Raoult’s law and solubility, 1738 
Rate constants, reliability, 1060-1062 
Rate data, calculation of dipole moment 
from, 1030 

Rates of reaction, alkyl bromides and 
piperidine, 1057-1058 
alkyl chlorides and metallic iodides, 
1053-1055 

competitive reactions, comparison of 
reactivity, 1064-1072 
diphenylchloronielhanes and acyl 
chlorides with alcohol, 1055-1057 
esterification, 683 
and alcoholysis, 1044-1046 
ume II, pages 1079-1983. 
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Rates of reaction, formation of acetals, 
1046-1048 

formation of scmicarbazones, 1049- 
1052 

formation of thiourethanes, 1058-1060 
general considerations, 1033 
rearrangements, 1027-1031 
three-carbon tautoramsm, 1041-1044 
Reactivity, relative, see Relative reactiv- 
ity 

Rearrangements, a , 1003 
activated complex in, 1028 
active molecules in, 975, 980 
acyl azides, 977 
N-acylpyrroles, 976 
alcohols, 1012, 1023 
aldehydes, 971 
N-alkylanilines, 995 
N-alkylanilinium salts, 995 
feri.-alkylcarbinols, 1 023 
alkyl phenyl ethers, 997, 1023 
N-alkylpyrroles, 976 
allenes, 663 

allylic, 187, 1004, 1006, 1018, 1881- 
1883 f 

azides, 977 

Beckmann, 470-471, 979, 984, 1004, 
1026, 1225 

benzhydroxamic acid, 977 
benzidine, 976, 995, 1021 
benzilic acid, 974, 976, 980,^86, 1000 
benzyl azide, 979 
butadiene dibromides, 1001 
camphor series, 992 
Chapman, 1016 
Claison, 141, 149, 189, 999 
Curtius, 977-980, 988-990, 1004, 1013, 
1022, 1024 

cyclic compounds, 971 
as intermediates, 973, 976, 990 
cyclobutane intermediates, 972 
cyclopropane intermediates, 972, 973 
degradation of camphoric acids, 1013 
dehydration of alcohols, 101 2 
Demjanow, 96-97, 107 
diazides, 978 

diazoami»o compounds, 993 


lv 

Rearrangements, electronic concept, 
1001-1027 

ethylene oxides, 1017-1018 
free radicals in, 973-9S8 
Fries, 898, 998 
glycols, 968-972, 976 
Grignard reactions, 516-517, 1003, 
1009-1011 

N-liiil( Kicylanilides, 994 
halogen amides, 977 
Hofmann, 977-980, 980, 1001, 1008, 
1013, 1014, 1022 
hydramine fission, 1205 
hydrazobenzene, 976 
hydrobenzoin, 970, 976 
hydroxarnic acids, 977, 980 
hydroxylamines, 978 
indole derivatives, 974 
intermolecular carbonium-ion mecha- 
nism, 999 

intramolecular oxidation-reduct ion, 

1005 

ionic hypothesis, 989-1004 
isoamylaniline hydrobrornide, 990 
Lossen, 977-980, 1004, 1013, 1022 
mechanism for allylic, 1881-1883 
methylaniline, 976 

migration aptitude in, 968, 978, 1030- 

losi 

molecular, 966-1031 
ncopentyl compounds, 1007 
olefin intermediates, 972 
optical activity during, 39i)-400 
optically active alcohols, 1000 
optically active alkyl halides, 988 
optically active amides, 983 
optically active amino alcohols, 987- 
988 

optically active diazoketones, 1014 
optically active ethers, 999 
optically active glycols, 1015 
optically active ketones formed in, 
101.5 

optically active pinaools, 1023 
optically active radicals, 1022 
optically active sulfinic esters, 999 
optical stability of ions, 989 
oxidation-reduction in, 987, 1005, 

1012, 1022 


2-dibromidcs, 1002 

phenylketcne intermediate, 974, 980 
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Rearrangements, oximes, 979, 984 
peroxides, 975 
phenolic esters, 998 
phenolic ethers, 189, 1882 
phenylhydroxylamine, 976 
pinacol, 968-972, 975-977, 985, 1005, 
1012, 1015, 1023, 1030 
competitive reactions, 1066-1069 
cyclization by, 97-98 
polyynes, 1011 
propylene oxide, 973 
pyrazoles, 971 
reaction rates, 1027-1031 
a, 7-rule, 187 
semidine, 1021-1022 
semi-hydrobenzoin, 971 
semi-pi nacols, 971 

st ereochemical considerations in, 1025- 
1027 

sugars, in acid media, 1638-1639 
in alkaline media, 1640-1646 
sulfinic esters, 999 
terpenes, 991 

triarylmethyl peroxides, 97.5 
triphcnylmethylhydroxylami ne, 978 
urea derivatives, 981 
vinyl methyl ether, 974 
Wagner, 98, 990, 1000, 1019 
Wolff, 1014, 1015, 1024 
Redistribution reaction, 1806-1820 
aliphatic halides, 1810 
catalysts for, 1814 
equilibrium constants, 1815-1818 
esters, 1809-1810 
kinetics, 1818-1820 
mechanism, 1818-1820 
organometallic halides, 1812-1813 
organometallic (R n M) compounds, 
1810-1812 
Reductic acid, 1637 
Reduction, aldehydes, 803-805 
alkenes, 797-802 
alkynes, 802-803 

aromatic compounds, 73-74, 817-819 
azobenzene by organometallic com- 
pounds, 512 

bi molecular, 643 -644, 676 -677 
by Grignard reagents, 502, 514, 644, 
646-647 


Reduction, by metal combinations, 643- 
644, 677, 697 
carbonyl group, 643-645 
catalytic, 634, 697, 797-819 
ehloral by Grignard reagent, 514 
Clemmensen, 644 
dienes, 667, 801-802 

I, 2-diketones, 671 
disulfides, 843 
electronic mechanism, 1858 
halogen compounds, 808-809 
ketones, 805-807 

mechanism involving free radicals, 628 
naphthalene, 145 
nitriles, 809-810 
nitro compounds, 815-817 
nitro group, 661 
olefins by metals, 526 529 
oximes, 811 
phenvlatcd dienes, 693 
selective, of carbonyl group, 676 
sugar lactones, 1539 
sulfonyl chlorides, 813, 844 
thiolsulfonates, 909 
Iriphenylmethyl, 599 
unsaturated diketones, 693-694 
Wolff-Kishner, 644, 1363 
Reduction potentials of quinones, 159 
Reduetone, 1637 
Reformatsky reaction, 617-618 
mechanism, 548 
steroids, 1433, 1476 
Refraction of alkyl fluorides, 952 
Refractive index, 1750-1752 
Refrigeration agents, 959, 962 
Kegularobufagin, 1452 
Reichstcin’s compound, D, 1516, 1517 
E, 1520, 1525 

J, 1519 

K, 1516, 1517, 1524 

L, 1519 

M, 1520 

O, 1519 

P, 1516, 1517 
It, 1516, 1518 

S, 1521, 1522 

T, 1521 , 


Reimer-Tiemann reaction, 190, 199 
mechanism, 1882 
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Reinecke salt, 1118, 1125 
Relative acidities, 533-538 
Relative reactivity, carboxyl group, 683 
chlorides with potassium iodide, 1054 
ethylenic linkage, 683 
functional groups, 501, 504, 548, 553 
in sulfonyl interchange, 911 
interpretation of data, 1072-1077 
organometallic compounds, 494, 510, 
518, 524, 525, 530-535* 545- 546, 
552 

substituted ethanes, 609 
Resacetophcnonc derivatives, 141 
Residual charges, 1850-1852 
Resins, aldehyde, 650 
alkyd, 714 
Ciba type, 732 

Resolution, amino acids, 1 1 09 
biochemical processes, 263-204 
conversion to diastereoisomers, 256- 
260 

equilibrium method, 261-263 
kinetic method, 260-261 
mechanical separation, 254 
preferential crystallization, 254-2^6 
Resonance, aromatic compounds, 207 
chemical bond, 1943-1983 
definition, 1784 
electronic theory, 1831-1832 
idea of, 1950-1951 
keto-enol systems, 1935 » 

mesomeric polarization, 1847-1848 
molecular structure, 1943-1983 
organic anions, 1837 
oxime-nitrone tautomerism, 1 936-1937 
Resonance effects, in benzene ring, 
1029 

Resonance energy, calculation, 1967- 
1970 

conjugated systems, 1917 
definition, 1950 
empirical values, 1968-1969 
organic compounds, 1801 
Restricted rotation, 471 
about carbon-carbon bond, 379-381 
about carbon-nitrogen bond, 377-379 
about car’Jon-oxygen bond, 381-382 
due to many-membered ring, 373 


lvii 

Restricted rotation, non-benzenoid ring 
compounds, 374-377 
Rhenium compounds, 566 
Rhodanine, amino acids from, 1108 
Rhodoporphyrin, 1274, 1291, 1296 
synthesis, 1275-1278 
Ricin, 1187 
Ricinidine, 1187 
Ricinine, 1186 
Ricininic acid, 1186-1 1S7 
Ring-chain tautomerism, 1937 
Ring closure, see Oyclization 
Ring contraction, alicyclic oxides in 
Grignard reaction, 512-514 
ehlorohydrins in Grignard reaction, 
513 

methods, 96-100 
Ring expansion, methods, 96 100 
Rings, strainless, 69-70 
Ring structures of sugars, 1545-1586 
determination by glycol-splitting re- 
agents, 1568-1569 
furanose, 1556-1563 
other than furanose and pyranose 
types, 1581-1584 
pyranose, 1553-1556 
Rosanoff classification of sugars, 1541- 
1544 

Rosenheim test, 1391 s 

Rosenmund reduction of acid chlorides, 
808-809 

Rotation, free, 228 
molecular, 285 
restricted, 471 

Rotatory dispersion, 288, 293 
Rubber, synthetic, 759-765 
vulcanization by organometallic com- 
pounds, 578 

Ruff degradation of sugars, 1540-1541 
Ruggli high-dilution principle, 707, 710 

S 

Saccharic acid, preparation, 1537 
Saccharin, 904 

Saccharinic acid, formation, 1646-1649 
Saecharinic acids, 1646 
Sachse-Mohr theory of strainless rings, 
69-70, 114 


jps, 362 
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Salicylic acid, Ivolbe synthesis, 201 
Salkowski reaction, 1390 
Salsolinc, 1254 

Salts, inorganic, reaction with Grignard 
reagent, 510 
Salvarsan, 919 

Sapogenins, see Digitalis sapogenins 
Saponins, see Digitalis saponins 
Saran synthetic rubber, 754 
Sarcosine, 1111 
Sarmentogenin, 1446-1447 
Sarsasapogenin, 1459, 1464 
Sarsasapogcnoic acid, 1462 
Sarsasapogenone, 1462 
Sarsasaponin, 1456, 1457 
Scandium compounds, 554 
Sehiff bases, 652, 658-660, 1096, 1097 
Sehorigin reaction, 533 
Schweitzer’s reagent, action on cellulose, 
1674 

Scillaren A and B, 1448 
Scillaridin A, 1448 
Scopine, 1197 
Scopolamine, 1197, 1198 
Scopolinc, 1197 
Scymnol, 1425 

Selectivity of hydrogenation catalysts, 
794 

Selenium, reaction with Grignard re- 
agent, 508 

Selenium compounds, optical isomerism, 
423-124 

Selenium dehydrogenation, see Dehydro- 
genation with selenium 
Selenium dioxide, action on sterols, 1385 
a-Selinene, dehydrogenation, 118 
Semicarbazones, catalytic reduction, 812, 
814 

table of, 814 

equilibria and rates in formation, 
1049-1052 
formation, 652 
hydrolysis, 1051-1052 
Semidine rearrangement, 1021-1022 
Semi-hydrobenzoin rearrangement, 971 
Semi-pinacolic deamination, 1012 
Semi-pinacols, rearrangement, 971 
Semiquinone radicals, 619 
Sensibamine, 1244 
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Serine, 1120-1123 
Serine-phosphoric acid, 1122 
Sesqui-mustard, 860 

Sex hormones, 1468-1510; see also under 
inrliridital classes 
biogenesis, 1528-1530 
Shared-electron-pair bond, 1940-1950 
Silica gel as support for palladium 
catalyst, 787 

Silicon compounds, optical isomerism, 401 
Silicon-containing polymers, 738-739 
Silver compounds, 542-544 
Silver iodoben 2 oate, oxidation of ethyl- 
enic linkage, 635 
Sinomenine, 1226, 1257 
Sitosterols, 1395, 1396-1397 
SK A synthetic rubber, 764 
Skat ole, 1161 

SK B synthetic rubber, 704 
Skraup reaction, 149 
Smilagenin, 1464 

Sodium bisulfite, see Alkali bisulfite 
Sodium borofluoride, use in synthesis of 
aryl fluorides, 951 

Sodium peroxide, action on unsaturated 
carbonyl compounds, 676 
Solanidines, 1467-1468 
Solanines, 1467 
Solasodine, 1467 
Solasonine, 1467 
Solatubinq- 1467 
Solatunine, 1467 

Solubility, and internal pressure, 1738 
organic compounds, 1737-1738 
sulfhydryl compounds, 840 
Sorbitol, 1538, 1544, 1587 
J-Sorbpse, preparation, 1634-1636 
Specific rotation, 285 
Specific viscosity, 1748 
Spectroscopy, determination of chelation 
by, 1869 

Spinasterols, 1397-1398 
Spiranes, in chelate rings, 1871 
optical isomerism, 340-343 
Sponsler and Dore, x-ray structure of 
cellulose, 1710-1711 
Squill aglucon, 1448 « 

Stabilities, determination of relative, 
1063 
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Stabilities, thermal, of organometallic 
compounds, 521, 542-544, 551 , 
562,569,575 
Stachydrine, 1120, 1189 
Standard cellulose', 1667 
Starch as polyacetal, 784 
Staudinger’s viscosity equation, 747 
1707 

Stenols, 1387-1388 

Stereochemistry, cholesl.ii.ne type, 1367- 
1369 

coprostane type, 1367-1369 
oximes, 1025—1027 
steroids, 1367-1379 
Stereoisomerism, 218^487 
Steric hindrance, effect on mictions of 
organometallic compounds, 506, 
528 

in coupling reactions, 197-198 
Sterocholic acid, 1424 
Steroid alkaloids, 1467-1468 
Steroids, 1341-1531 
biogenesis, 1528 
configurational notation, 1372 
definition, 1344 

epimerizalioii, 1373-1374 * 

glueoside formation, 1375 
history, 1346-1348 

relation, to oc-tetrahydro-j3-naphthols, 
1378, 1379 
ring system, 1344 

spatial isomerism, of hydroxyl groups, 
1372-1378 

of nuclear rings, 1369-1372 
stereochemistry, 1367-1379 
structure, and optical rotation, 1378- 
1379 

of nucleus, 1349-1367 
p-toluenesulfonates, 1375 
types, 1345 
i-Steroids, 1384 
Sterol ketones, 1388-1390 
bromination, 1389-1390 
Sterol peroxides, 1388 
Sterol pinacols, 1388, 1 401, 1410 
Sterols, 1379-1411; see also under in- 
dividual members 

and bile acids, common nucleus, 1349— 
1350 


Sterols, color reactions, 1390-1391 
definition, 1379 

from lower forms of animal life, 1395 - 
1396 

isolation, 1379, 1382 
molecular compounds, 1391-1392 
natural ami derived, 1380-1381 
nomenclature, 1382 
nuclear unsaturation, 1385-13SS 
occurrence, 1379 
mictions, 1379-1392 
of the C 3 — OH group, 13S3-13S4 
of the C 17 side chain, 1384-1385 
ring system, 1382 
side chains, 1366 

Stibonium bases, electronic theory, 
1838 

Stigmastcrol, 1396, 1397 
ozonizalion, 1384 
Stilbestrol, 1184 
Strainless rings, 69-70, 1 1 4 
large naturally occurring, 105 
Sachse-Mohr theory of, 69-70, 114 
synthesis of large, 79-80, 89 
Strain theory, Baeyer, 68 
Streckcr reaction, preparation of sulfonic 
acids, 890 

Strecker synthesis, amino acids, 1105-- 
1106 

Strength of acids and bases, 1034^1035 
Strontium compounds, 5*46-547 
Strophanthidin, 1435-1440 
C 3 — OH group, 1439-1440 
Ch -OH group, 1440 
C 10 --CHO group, 1438-1439 
C14— OH group, 1436-1438 
isolation, 1435 
lactone ring, 1436 
structure, 1436-1440, 1441 
Structure of simple molecules, resonance 
1982-1967 
Strychnic acid, 1237 
Stryehnidine, 1237 
Strychnine, 1236-1243 
Strychninolic acid, 1239 
Strychninolone, 1239 
Strychninonic acid, 1239 
Strychnos alkaloids, 1236-1243 
Stuart atomic models, 321 
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Styracitol, configuration, 1627 
structure determination, 1624-1625 
Styrene, polymerization, 743-750 
thermal polymerization, 744 
Styrcne-maleic anhydride polymer, 757 
Substituent groups, directive influence, 
202-212 

Substituted sugars, 1606-1617 
Substitution, aud orientation, in the 
benzene ring, 202, 1029, 1975 
indirect, 187 

Substitution reactions, alkadienes, 44 
alkenes, 36-37 
alkenynes, 45 
alkynes, 46 

anionic reagents, 273-274 
mechanism of, 272 
Walden inversion in, 272 
Sucrose, structure determination, 1600- 
1602 

Sugars, see under individual members 
7-, 1557 

acetals, 1578-1579 
acetates, 1551 

acetone derivatives, 1557-1559 
acetylation methods, 1551 
acyclic structures, 1575-1581 
alcohols, 1538 

aldehydo acetates, 1575-1581 
aldonic acids, 1537-1538 
amino, 1613-1617 
anhydro, 1617-1623 
ascorbic acid, 1633-1638 
benzoylated, 1561 

configurational isomerism, 1535 1545, 
1570-1572 

cyanohydrin preparation, 1538 
degradation methods, 1540-1541 
degradat ions, 1 638-1 662 
derivatives, 1605-1663 
desoxy, 1631-1633 
diose structure, 1583-1584 
disaccharide structure, 1592-1603 
enediols, 1584-1585 
enolic structure, 1584-1585 
epimerization of sugar acids, 1640 
epimers, 1536, 1539-1540 
esters, 1606-1612 
fermentation, 1654-1662 


Sugars, glycals, 1628-1631 
glycosecns, 1623-1628 
glycosides, 1551, 1572-1575 
glycuronic acids, 15S7, 1590-1592 
isomer izat ions, 1638-1662 
ketoses, 1586-1587, 1588-1589 
lactone studies, 1563-1568 
lactonization of aldonic acids, 1538 
measurement of optical rotation by 
maximum solubility method, 1550 
mereaptals, 1562, 1575 
methylation, 1554, 1594 
methyloses, 1632-1633 
mono- and oligosaccharides, 1532-1604 
mutarotation, 1546-1549 
notation of configurations, 1543, 1550- 
1551 

oligosaccharides from cellulose, 1696- 
1699 

oxidation, 1649-1654 
by lead tetraacetate, 1569 
by periodic acid, 1568-1569 
pentoses, 1541-1512 
rearrangements, 1 638-1 646 
reduction of lactones, 1539 
rif.g structures, 1545 -1586 
Rosanoff classification, 1541-1544 
rules of optical rotation in, 1551-1553 
saccharinic acid formation, 1646-1649 
tautomeric forms, 1583-1586 
thio, 1612 
trioses, 1583-1584 
Sulfa drugs, 904 
Sulfanilamide, 904 
Sulfanilic acid, 187 
Sulfapyridine, 904 
Sulfapyrimidinc, 904 
Sulfathiazole, 904 
Sulfenamides, preparation, 922 
Sulfenic acid derivatives, 920-023 
general characterist ics, 920 
Sulfenic anhydrides, 921 
Sulfenyl halides, from disulfides, 920 
from mcrcaptans, 920-921 
hydrolysis, 921-922 
reactions, with active methylene com- 
pounds, 923 

with alcohols and phenols, 922 
with ammonia and amines, 922 
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Sulfhydryl compounds, 839-852; also 
Mercaptans ami Thiophenols 
boiling points, 840-841 
occurrence, 839 
odor, 839 
solubility, 840 
toxicity, 839 

Sulfides, organic, 853-861 
cleavage by cyanogen bromide, 859 
formation from diazonium safts, 856 
formation from olefins, 855-856 
general characteristics, 853 
preparation, 854-857 
by alkylation, 854-855 
from aldehydes and ketones, 857 
reactions, 858-860 
with halogens, 858 
with inorganic salts, 858-859 
Sulfilimines, optical isomerism, 422-423 
Sulfinamides, preparation, 917 
Sulfinic acids, 913-919 
addition to unsaturated ketones, 680 
formation of acid derivatives, 916-917 
general characteristics, 913-914 
metal replacement, 918--919 
nomenclature, 91 3 footnote 
oxidation, 917-918 
preparation, 914-916 
by Friedel-Crafts reaction, 915 
from diazonium salts, 915 
from ethylene disulfones, 916 
from organometallic compounds, 
915-916 

reactions, 917 -919 
with aldehydes, 918 
with diazonium salts, 918 
with a,j8-unsaturated carbonyl ^com- 
pounds, 918 

thiols ulfo nates from, 906 
Sulfinic esters, optical isomerism, 421 
optically active, rearrangement, 999- 
1000 

preparation, 916-917 
from sulfunyl chlorides, 914-915 
Sulfinyl anhydrides, preparation, 917 
Sulfinyl chlorides, preparation, 917 
Sulfinyl group, 870 footnote 
Sulfonamides, alkylation, 902 
halogenation, 901-902 
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Sulfonamides, hydrolysis, 900-901 
reactions, 900-904 
with aldehydes, 903 
reduction, 903 

Sulfonates, alkylation by, 896 
Fries rearrangement, 898 
reactions, 895-898 
with Grignard reagent, 897-898 
Sulfonation, alkenes, 177-178 
aromatic compounds, 175-178 
phenanthrene, 161 

preparation of sulfonic acids, 8S7-88S 
Sulfone group, activating effect, 8S1, 
885 

electron attraction by, 870-881 
in di- and poly sulf ones, 883-884 
influence ujhjii halogen, 8S2-8S3 
influence upon hydrogen, 879 
Sulfones, 873-885; see also Monosulfones 
and Disulfones 
condensation reactions, 882 
general characteristics, 873 
Michael reaction. 882 
preparation, 874-877 
by alkylation of salts of sulfinic 
acidsi 874-875 

by Friedel-Crafts reaction, 875 
by oxidation of sulfides and sulf- 
oxides, 874 

by reaction of olefins with sulfur 
dioxide, 875-876 
reactions, with alkali, 877-878 
with Grignard reagent, 881 
with reducing agents, 877 
unsaturated, 884-885 
a,/3-unsaturated, 672 footnote 
Sulfonhydrazides, hydrolysis, 903 
Sulfonic acids, 886-904 
conversion to sulfonyl halides, 891 
esters of, mi Sulfonates 
general characteristics, 886 
nomenclature, 886 footnote 
preparation, 887- 891 
by addition of bisulfite to olefins, 
890-891 

by oxidation, 888-890 
by Strccker reaction, 890 
by sulfonation, 887-888 
reactions, 892-895 
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Sulfonic acids, replacement of sulfonate 
group, by amino group, 894 
by cyanide, 893 
by halogen, 893-894 
by hydrogen, 892 
by hydroxyl, 892-893 
by nitro group, 895 
Sulfonium compounds, 867-870 
from disulfides, 8G7 
from sulfides, 867 
general characteristics, 867 
preparation, 867-868 
Sulfonium hydroxides, pyrolysis, 869 
reactions as bases, 869-870 
Sulfonium salts, formation of addition 
compounds, 869 
optical isomerism, 410—421 
pyrolysis, 868-869 
a-Sulfonyl acids, 885 
Sulfonyl chlorides, reduction, 843, 844 
Sulfonyl fluorides, synthesis, 948 
Sulfonyl halides, hydrolysis, 898 
preparation, 891 
reactions, 898-900 
with amines, 898-899 
with enolates of active methylene 
compounds, 899 

with orga nometal] ie compounds, 
899-900 

thiolsulfonates from, 907 
Sulfonyl interchange, 911 
a-Sulfonyl ketones, 885 
Sulfoxide group, activating effect, 885 
Sulfoxides, 870-873 
cia-trans isomerism, 483-484 
general characteristics, 870 
optical isomerism, 421-422 
preparation, by Friedel-Crafts reac- 
tion, 871 

by hydrolysis of dihalides of sulfides, 
871 

by oxidation of sulfides, 870-871 
from Grignard reagent, 871 
reactions, 872-873 
with acids, 872 
with aqueous chlorine, 873 
with reducing agents, 872-873 
Sulfur, expansion of valence shell, 
885 


Sulfur, reaction with Grignard reagent, 
507-508 

Sulfur analogs of carbonic acid, 938-939 
Sulfur chloride, addition to ethylcnic 
linkage, 641 

as chlorinating agent, 44 
reaction with olefins, 855-856 
Sulfur compounds, optical isomerism, 
419-423 

organic, 835-943; see also under 
individual mend)ers 

reasons for differences from oxygen 
compounds, 838 

Sulfur-containing functional groups, 837 
Sulfur dioxide, polymerization of olefins 
by, 765-706 

reaction with Grignard reagent, 505 
reaction with olefins, 875-876 
Sulfuric acid, addition to ethylenic 
linkage, 639-640 

Sulfuric esters of carbohydrates, 1609 
Superpolyesters, preparation, 711 
Supported palladium catalysts, 786-787 
Supported platinum catalysts, 785 
Suiv'asterols, 1410-1411 
Surface tension, 1739-1741 
Sweetening of gasoline, 852 
Symbols, electronic, 1834 
Symmetry, alternating axis of, 320 
plane of, 224 
point o#, 318, 327 

Syn- and anti-oximes, interconversion of, 
472 

Syn-anli isomerism, see Cis-trans isomer- 
ism 

Synthetic polymers, 701 778 
Synthetic rubber, 759-765 
Syringidin, 1318-1319 

T 

Tachysterol, 1404 
Tannins, 1609 
Tantalum compounds, 561 
Tarconines, 1220 
Tartaric acids, 232-233 
dextro, 232, 1545 
leva, 232 
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Tartaric acids, properties, 233 
racemic, 232 
Taurine, 904 

Tautomeric effect, resonance, 1977 
Tautomerism, 219 
electronic theory, 1934-1940 
fructose, 1586 
glucose, 1585 
keto-enol, 684 

three-carbon, 1041-1044 » 

' Tellurium, reaction with Grignard re- 
agent, 508 

Tellurium compounds, optical isomer- 
ism, 424 
Teloidine, 1198 

Terephthalic acid, reduction, 144 
Terpenes, 70-73 
rearrangements, 991 

Terphenyls, cis-tram isomerism, 486-487 
optical isomerism, 370-373 
Tertiary amines, attempts to resolve, 
403-404 
coupling, 195 

Testosterone, 1468, 1502, 150&-1504, 
1509 

m-Testosterone, 1504 
Testosterone propionate, 1510 
Tetraarylallyls, 607 
syw-Tetraaryldialkylethanes, 606 
sym-Tetraarylethanes, 604 
Tetraaryl hydrazines, dissociation, 616- 
617 

Tetraarylsuocinonitriles, 61 1 
Tetraethyllead, 560, 577 
Tetrahedral bond orbitals, 1954-1956 
Tetrahedral carbon atom, 1952-1956 
evidence for, 222-223 , 

Tetrahedral elements, 222 
Tetrahydroberberine, 1216 
ac-Tetrahy dro-j3-nap hthols , relation to 
sterols, 1378, 1379 
Tetrahydroneoergosterol, 1476, M78 
Tetrahydrostrychnine, 1237 
Tetrahydroxycholane, 1425 
Tetrahydroxynorsterocholanic acid, 1424 
Tetralin, 157 
Tetralols, 14$ 

Tetramethylammonium, metallic prop- 
erties, 568 
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Tetra raethy Ifructopvranose, 1 594 - 1 595 
Tctramethylglucofunmose, establish- 

ment of structure, 1562 

Tetramethylglucopyranose, 1551-1 556 
7-Tetramethy lgl ucose, establishment of 
structure, 1500 

1,1,2,2-TetraphenylcycIopropane, stabil- 
ity, 603 

sJ/w-Tetraphenyldilx'nzoylethanc, 61 0 
Tetraphenylethylene, broxnination, 142 
Tetraphei lylhydrazine, half life, 617 
5,6,11,1 2-Tetraphen yl napht liaecne, 603 
Tel mpheny Isucc i noni t riles, d issociat ion, 
774 

Tetrasulfides, 864 

Tetrazoles, formation from diazides, 978 

Thallium compounds, 56S-569 

Thebaine, 1221, 1226 

Thebainone, 1226 

Thebenine, 1225 

Theelin, mi Estrone 

Theelol, see Estriol 

Thermal decomposition, cellulose, 1699- 
1700 

free radicals in, 626 
Thermal polymerization, styrene, 744 
Thermodynamic properties, calculated 
from spectroscopic data, 1803- 
1804 

of organic compounds, 1794-1804 
Thermosetting, 732 
Tbevetigenin, 1444 
Thevitin, 1453 

Thiazoles, preparation, 936-937 
Thiele formula for benzene, 127-128 
Thiele theory of partial valence, CG6 
Thio acid chlorides, preparation, 935 
Thio acids, general characteristics, 929- 
930 

preparation, 930-931 
reactions, 935-936 
Thioaldehydes, 923-929 
from methylene halides and metal 
sulfides, 926 

general characteristics, 923-924 
oxidation, 927 

preparation from aldehydes with 
hydrogen sulfide, 924-925 
pyrolysis, 928 
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Thioaldehydes, reactions, with alkyl 
iodides, 928 

with heavy metal suits, 928 
Thioalkylation, 910, 913 
Thioamides, preparation, 933-935 
reactions, 936-937 
Thioanhydrides, 935 
of sulfonic acids, 911 
Thiocyanates, 942 
Thiocyanic acid, 939 
Thioeyanogen, 942 
addition to ethyl enic linkage, G38 
Thioesters, hydrolysis, 843 
Thioethers, see Sulfides 
Thioformaldehyde polymer, 769 
Thioketones, 923-929; see also Thioalde- 
hydes 

from ketones and phosphorus pentasul- 
fide, 926 

preparation by Fricdel-Crafts reac- 
tion, 927 

Thiokols, 733-734, 760, 866 
Thiolcarbamates, 938 
Thiol esters, preparation, 932-933 
Thiolhistidine, 1 156-1 157 
Thiolsulfonates, 905-913 
general characteristics, 905 
hydrolysis, 909 
oxidation, 910 
preparation, 906-908 
from disulfides, 907 
from sulfinic acids, 906 
from sulfonyl halides, 907 
reactions, 908-912 
with active methylene compounds, 
910 

with Grignard reagents, 909 
with phenols, 910 
with sulfhydiyl compounds, 908 
reduction, 909 
structure, 912-913 

Thiotsulfonic esters, see Thiolsulfonates 
Thiomethylpentose, 1612 
Thion carbamates , 938 
Thion esters, preparation, 933 
Thiouex, 939-940 

Thionylamines, reaction with Grignard 
reagent, 505 

Thiophenes, formation, 926 


Thiophenols, 839, 844-852; see also 
Sulfhydryl compounds 
addition to olefins, 850-851 
addition to unsaturated ketones, 680 
preparation, 844-845 
by reduction of sulfonyl chlorides, 
844 

from diazonium salts, 844-845 
reactions, 846 852 
with aldehydes and ketones, 849 
with alkali, 846 
with carboxylic acids, 848-849 
with heavy metal salts, 846-847 
with nitriles, 851 

with organometallic compounds, 852 
with oxidizing agents, 851-852 
with a,/3-unsaturated carbonyl com- 
pounds, 850 
Thio sugars, 1612 
Thiourea, 938 
preparation, 940 
reactions, 940-941 

Thiourethanes, rates of formation, 1058- 
1060 

Thiuram disulfides, 939-940 
Thorpe reaction, synthevsis of large car- 
bon rings, 88-89 

Three-carbon tautornerisin, equilibria 
and rates, 1041-1044 
Three-dimensional molecules, formation, 
71,9-720 

Three-dimensional polymers, 703, 714 
718-721 
solubility, 742 

Threc-clectron bond, 1960-1961 
Threonine, 1123-1124 
Thujakctone from ergosterol, 1399 
Thyroxine, 1129-1130 
Tiffencau reaction, 1527 
Tigogenin, 1464, 1465 
Tigonin, 1456 
Tin compounds, 558-559 
optical isomerism, 424-425 
Tishchenko reaction, 649, 792 
Toad poisons, 1449-1452 
physiological potency, 1453 
Tobacco alkaloids, 1190-1J 93 
Tollens cellulose formula, 1702 
p-Toluenesulfonates, steroids, 1375 
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Toluenetetracarhoxylic acid, 1401, 1404, 
1410 

Tosylation of cellulose, 1682-1683 
Toxisterol, 1411 
Trans-migration, 1 026-1 027 
Transmission of activating effects, 633, 
1909 

Traube reaction, 1189 
Trehalose, 1593 

Triad anion tautomerism, 1018 ' 

Triad systems, 1937-1940 
tautomeric, 1937 
Triarylhydrazyls, 617 
Triarylmethyl peroxides, rearrangement, 
975 

Triaryl methyls, 585-602 
addition reactions, 598-600 
amphoteric nature, 601 
chemical properties, 596-602 
conduction of electric current, 601 
dimerization, 597 
displacement reactions, 600 
disproportionation, 597 
preparation, 595-596 
quinoid structure, 586-587 
reaction, with inorganic salts, 601 
with triarylmethyl halides, 600 
stability, 596-597 
test for, 598 
Trihenzoylmethane, 193 
Tricovalent nnrbanions, 988 
Trigonelline, 1186 

Trihydroxybufosterocholenic acid, 1424 
3,5,7-Trihydroxyflavylium chloride, 1317 
Trillarin, 1456, 1457 
Trillin, 1456, 1457 
2,3,4-Trimethylglucose, 1602 » 

2,3,6-Trimethylglucose, 1595-1596, 1597 
Trioses, structure, 1583 1584 
a-Trioxymethylene, 769 
Triphenylethylene, bromination, 179 
1,2,3-TriphenylindyI radical, 608 
Triphenylmethyl, 582-584 
color, 584 
discovery, 583 
electronic theory, 1929 
Triphenylmetfiylhydroxylamine, rear- 
rangement, 978 
Trisulfides, 864 
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Tri valent carbon, 973 
Tropacocaine, 1202 
Tropane, 1200 
Tropeines, 1195 
Tropic acid, 1194 
Tropidine, 1197, 1199 
Tropigcnine, 1198 
Tropilidene, 1196 
Tropine, 1194, 1200 
Tropinic acid, 1195 
Tropinone, 1195, 1199, 1253 
Truxillines, 1202 
Tryptamine, 1242, 1255 
T ryptophan, 1 1 59-1 1 64 
relation to harman, 1229 
Tschugaeff-ZerewitinolT analysis, 500 
578 

Tuads, 939-940 
Tungsten compounds, 564 
Tunicin, 1667 

Twinned double bonds, 662-665 
Tyrarnine, 1127 
Tyrosinase, 1127 
Tyrosine, 1126-1129 

IJ 

Ullmann reaction, organocopper com- 
pounds in, 544 

preparation of polyphenylene ethers, 
736 

Ultra-violet absorption spectra, aromatic 
compounds, 1786-1794 
effect of solvent, 1784-1786 
relation to resonance, 1786-1794 
Univalent nitrogen compounds in rear- 
rangements, 977, 979, 980, 983 
a,/3-Unsaturated acids, from rearrange- 
ment of 0,7-unsaturated acids, 684 
0,7-Unsaturated acids, rearrangement to 
a,£-unsaturated acids, 684 
a,0-Unsaturated carbonyl compounds, 
addition of benzene, 676 
addition of diphenylketene, 677 
addition of halogen acids, 676 
1,4-addition of hydrogen, 677 
addition of malonic ester, 679 
electronic theory, 1919-1922 
oxidation, 676 
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«,/ij-Unsaturated carbonyl compounds, 
reactions, with Grignard reagent, 
672-675 

with halogens, 675 
with mercaptans and thiophenols, 
850 

with sulfmic acids, 918 
reduction, 676-677 
Unsaturated sulfones, 884-885 
Unsaturated systems, see specific type w 
addition of organometallic compounds, 
498, 500-507, 515, 526, 528-529, 
545-546, 550 

reaction of Grignard reagent, with 
non-terminal cumulated, 505 
with terminal cumulated, 505 
Unsaturation, and conjugation, 631- 
700 

effect on molecular refraction, 1751 
Urane derivatives, 1496 
Uranediol, 1496 
Uranetriol, 1496 
Uranium compounds, 564 
Urea, Wohler synthesis, 967 
Urea derivatives, rearrangement, 981 
Urea-formaldehyde polymers, 727-730 
Urease, 1149 
Urocanic acid, 1155 
Uroporphyrins, 1 289 
Ursodesoxycholic acid, 1415 
Uzarigcnin, 1432, 1433, 1444 
Uzarin, 1453 

V 

Valence, electronic concept, 1822-1941 
partial, 128 

types in nitrogen, 1834 
Valence-bond formulas, 1961 
Valence-bond method for treatment of 
electronic structures, 1956 
Valence requirements of normal alkyl 
groups, 977 

Valencies of atoms, spatial arrange- 
ments, 221-222 
Vanadium compounds, 561 
V apor-phase isomerization, 997 
Vasicine, 1250-1251, 1255 
Vel, 886 


Vinylacetylene, 658 
addition of hydrogen chloride, 1002 
Vinylearbazole polymer, 756 
Vinyl chloride, addition of hydrogen 
fluoride, 947 

Vinyl esters, polymerization, 753-756 
Vinyl ether polymer, 756 
Vinyl group in chlorophyll, 1305-1306 
Yinylites, 757, 758 

Vinyl methyl ether, rearrangement, 974 
Yinylogous systems, 1909 
Vinylogy, 633, 1909, 1924 
17-Vinyltestosterone, 1524 
Viscose, nee Cellulose xanthate 
Viscosity, 1747-1749 
of alkyl fluorides, 951 
Viscosity equation of Staudinger, 747, 
1707 

Viscosity stabilizer, 725 
Viscosity-stable polymers, 725 
Visible absorption spectra, 1783-1794 
aromatic compounds, 1786-1794 
relation to resonance, 1786-1794 
YilaminC, 1633-1638 
Vitamin D, 1405-1411 
history, 1405-1406 

structure and antirachitic activity, 
1411 

Vitamin Di, 1405 

Vitamin D 2 , 1405-1406, 1407-1408 
isolation, 1405 
properties, 1405-1406 
transformation products, 1408, 1410 
Vitamin Da, 1406-1407 
Vitamin D4, 1406 
Vitamin Kj hydroquinone, 153 
Vonycinc, 1242-1243 
von Auwers-Skita rule, 1373, 1493, 1504 
von Braun degradations, 1174-1175 
Vulcanization of rubber by organometal- 
lic compounds, 578 

W 

Wagner-Meerwein transformations, 1012 
Wagner rearrangement, 98, 990, 1000, 
1019 i 

Walden inversion, 264-281, 967, 1015 
anionic reagents, rearward attack, 273 
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Walden inversion, cholesterol, 1375-1377 
configuration, absolute, 267 
by Boys equation, 267 
rotatory dispersion and, 268-209 
effect of temperature, 266 
in sugar derivatives, 1608, 1614 
mechanism, 269-281 
studies with radioactive isotopes, 
272-273 

nature of compounds, 206 
nature of reagent, 266 
nature of solvent, 266 
Wallach degradation, ring contraction 
by, 99 

Weerman degradation of sugars, 1541 
Wieland degradation, see Barbier-Wie- 
land degradation 

Williamson synthesis, methylation of 
sugars, 1594 

Wintersteiner's compound, A, 1514 
D, 1516, 1517 
F, 1520 

Wohl degradation of sugars, 1540 
Wohler’s synthesis of urea, 967 
Wolff-Kishnor reduction, 644, 1363, 
1390, 1438, 1466 

Wolff rearrangement, 1014, 1015, 1024 
Wurster dye, 620 

Wurtzi-Fittig reaction, 508, 539-512, 544 
mechanism, 622-623 
Wurtz reaction, cyclization by, 74-75 

X 

Xanthates, 939 

in preparation of thiophenols, 844-845 


X-ray diffraction studies, 1762-1769 
aromat ic compounds, 1761 
benzene, 123 

biphenyl isomerism, 351-352 
cellulose, 1709-1716 
cis-trans isomers, -152 
hydrocarbons, 1763 
use, 1762 

o-Xylene, resonance in, 207 
Xylenes, physical constants, 1723 
as-o-Xylenol, 138 

d-Xylomcthylosc, preparation, 1632 
Xylose, fermentation, 1662 

Y 

Yobvririe, 1234 
Yohimbic acid, 1234 
Yohimbine, 1234-1230 
Yohimbol, 1234 
Yttrium compoumlb', 554 

Z 

Zemplen dcgriidation of sugars, 1540 
ZcrcwitinofT analysis. 500, 578 
Zinc compounds, see Organozinc com- 
pounds 

optical isomerisfn, 432-133 
Zirconium compounds, 557 
Zoosterol, 1392-1396 
Zwitterion, 1088 
Zymosterol, 1399 
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